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RESUMO - Interacdo entre células estaminais derivadas de tecido adiposo e mediadores

inflamatorios: impacto no crescimento de neurites e na morfogénese vascular

A leséo da medula espinal (SCI) € uma condicao que impede a comunicacao entre o cérebro e 0
resto do corpo, resultando em comorbidades que diminuem a qualidade de vida dos pacientes. Apds a
lesao primaria, varios processos bioquimicos danificam a medula espinal resultando numa variedade
de eventos patologicos que dificultam a recuperacao. Para além da perda neural, também ocorre um
dano vascular extenso. Na procura de novas terapias, as células estaminais derivadas do tecido
adiposo (ASCs) tém mostrado resultados promissores por modularem varios processos regenerativos, a
nivel paracrino e nao-paracrino. Contudo, as ASCs ainda nao desenvolveram uma reparacao
satisfatoria. Para aumentar o potencial regenerativo destas células, varios investigadores estao a tentar
precondiciona-las com diferentes estimulos, tais como moléculas inflamatérias. Enquanto esta descrito
que estimulos pré-inflamatdrios levam a um fenétipo mais imunomodulatorio das ASCs, pouco se sabe
sobre os efeitos desta estimulacdo a um nivel neural e vascular. Assim, neste trabalho, pretendeu-se
perceber como é que moléculas pré e anti-inflamatorias podiam influenciar o potencial angiogénico e
neuroregenerativo das ASCs em trés niveis: contacto indireto, direto e secretoma.

Para isso, desenvolveu-se um sistema que avalia parametros morfologicos de estruturas
semelhantes a vasos produzidas por células endoteliais da veia umbilical humanas (HUVECs). Com
este sistema, a estimulacdo pré-inflamatoria com lipopolisacarideo (LPS) e interferdao- y (IFN- y)
aumentou o potencial vascular do secretoma das ASCs. Porém, este efeito ndo se observou na co-
cultura indireta. No ensaio de contacto direto ndo houve formacao destas estruturas. A estimulacéo
com IL-10 nao alterou o comportamento das ASCs. Explantes de ganglios da raiz dorsal (DRG) foram
usados para avaliar o potencial neuroregenerativo das ASCs. Nao foram observadas diferencas entre os
grupos estimulados e nao estimulados relativamente a area de neurites, ao seu tamanho e padrao de
arborizacdo. Contudo, o secretoma de ASCs conseguiu induzir o crescimento de neurites em contraste
com o grupo controlo. Observaram-se resultados semelhantes para o ensaio de contacto direto, que
estimulou o maior grau de crescimento. O ensaio de contacto indireto também levou a um crescimento
robusto de neurites. Para saber quais moléculas podiam ser moduladas por estes fatores, realizou-se
uma analise de expressado genética de varios fatores relacionados com os processos estudados. Apesar
de alguns genes serem diferentemente expressos, nao se observou um fendtipo claro. Em suma, este
projeto mostrou que as ASCs podem ser moduladas por moléculas inflamatdrias, mas o estimulo
apropriado para fazer um melhoramento maximo destas células ainda precisa de ser clarificado.
Palavras-chave: Células estaminais derivadas do tecido adiposo, Crescimento de neurites, Morfogénese

vascular, Pré-condicionamento inflamatorio, Secretoma.
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ABSTRACT - Interplay between adipose-derived stem cells and inflammatory mediators: impact on

neurite outgrowth and vascular morphogenesis

Spinal cord injury (SCI) is a condition that hampers the communication between the brain and the
rest of the body, resulting in several comorbidities that decrease the patient’s life quality. After the
primary injury, several biochemical processes occur that damage the spinal cord resulting in a variety of
interconnected pathological events that hinder the chance of recovery. Besides the neural loss, SCI also
leads to a strong vascular damage. In the search for new therapies, adipose-derived stem cells (ASCs)
have shown promising results due to their ability to modulate several processes related to repair, both
at a paracrine and non-paracrine level. However, up until today, ASCs were unable to elicit a completely
satisfactory repair. Thus, to promote a regenerative enhancement of ASCs, several researchers are
trying to precondition these cells with different stimuli, for example, with inflammatory mediators. While
it is well reported that pro-inflammatory stimuli alter ASCs to a more immunomodulatory profile, few
reports show the effects of this stimulation at a neural and vascular level. Therefore, in this work, we
aimed to understand how classical pro-inflammatory and anti-inflammatory molecules could influence
the angiogenic and neuroregenerative potential of ASCs on three different levels: indirect contact,
secretome and direct contact.

To do that, a system that evaluated morphological parameters of vessel-like structures created by
human umbilical vein endothelial cells (HUVECs) was established. With this system, pro-inflammatory
stimulation with lipopolysaccharide (LPS) and interferon-y (IFN-y) enhanced the vascular potential of
ASCs secretome. However, this effect was lost in the indirect co-culture. No vessel-like structures were
formed in direct contact assay. Stimulation with 1L-10 did not alter ASCs behavior. Dorsal root ganglia
explants were used to evaluate the neuroregenerative potential of ASCs. No differences between
stimulated and unstimulated groups were found regarding neurite area, length and arborization pattern.
However, the secretome of ASCs could induce neurite growth in contrast to the control. In the direct cell
contact assay, the results were similar. Moreover, direct contact stimulated the highest neurite
outgrowth. Nonetheless, indirect contact also elicited a robust formation of neurites. In order to
understand which molecular players were being modulated by these factors, gene expression analysis
was done to several molecules related to vascularization and axonal growth. Although it was possible to
discover some altered expressed genes, no clear phenotype was observed. Overall, this project showed
that ASCs are able to be modulated by inflammatory molecules but the appropriate stimuli to fully
enhance these cells still needs to be further clarified.

Keywords: Adipose-derived stem cells, Inflammatory pre-conditioning, Neurite outgrowth, Secretome,

Vascular morphogenesis.
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G
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1. Introduction

1.1 Nervous system

The nervous system is responsible for the communication, control, and coordination of the
different body parts. In humans, the nervous system is composed of two branches: the central nervous
system (CNS) and the peripheral nervous system (PNS). The latter is composed of nerves that are
connected to the CNS, transmitting signals to and from different body regions (Barker & Cicchetti,
2012; Stanfield, 2012).

On the other hand, the CNS is composed by the brain and the spinal cord (Figure 1A) (Barker &
Cicchetti, 2012; Stanfield, 2012). Although the multitude of brain functions range from cognition
processes to motor control, its main function is to process and integrate the information coming from
different stimuli (the environment or own organism) and react with appropriate responses to the rest of
the body to ensure homeostasis (Barker & Cicchetti, 2012; Stanfield, 2012).

Complementing this body processor, the spinal cord acts as a bridge between the brain and the
rest of the body, being responsible for the transmission of nerve signals to and from the periphery

(Barker & Cicchetti, 2012; Stanfield, 2012).

1.2 Spinal cord

The spinal cord is a tubular structure that serves as a communication line between the brain and
the peripheral nerves. More specifically, it transmits sensorial information from the sensory neurons to
the brain, and also sends nerve signals through motor neurons from the brain to the body (Barker &
Cicchetti, 2012; Stanfield, 2012). Furthermore, the spinal cord also presents brain-independent reflexes
and neural circuits, termed central pattern generators, responsible for rhythmic movement control (Silva
etal, 2014).

Anatomically, in humans, the spinal cord extends from the medulla oblongata (at the base of the
brain) to the first lumbar vertebra (Barker & Cicchetti, 2012; Silva et a/,, 2014). Additionally, the spinal
cord is segmented, with two pairs of nerve roots emerging both dorsally and ventrally, at each segment,
making the connection to the PNS (Barker & Cicchetti, 2012; Stanfield, 2012). These roots are
classified according to their functional and anatomical characterizations (Figures 1A and 1B).

On one hand, dorsal nerve roots are composed of afferent sensory neurons with cell bodies
grouped in ganglia, generating structures designated dorsal root ganglia (DRG) (Barker & Cicchetti,

2012; Stanfield, 2012). On the other hand, ventral roots are responsible for carrying the efferent motor



neuron axons that enervate the different body parts and whose cell bodies are located in the spinal cord
(Figure 1C) (Barker & Cicchetti, 2012; Stanfield, 2012). Each dorsal root merges with the
corresponding ventral root originating 31 symmetric pairs of spinal nerves (Stanfield, 2012).

Each segment of the spinal cord and its corresponding spinal nerves are designated according to
its corresponding location in the vertebral column. In humans, this results in 8 pairs of cervical nerves
(enervating the neck, shoulder, arm, and hand), 12 pairs of thoracic nerves (enervating the chest and
the abdomen region), 5 pairs of lumbar nerves (associated with the hip, legs, and feet), 5 pairs of sacral
nerves (that supplies the genital area) and 1 coccygeal nerve (enervating the skin over the coccyx)
(Figures 1A and 1B) (Silva ef a/., 2014; Stanfield, 2012). Because the spinal cord is smaller than the
vertebral column, all nerves below the second pair of lumbar nerves become a nerve bundle, termed
cauda equina, emerging from the spinal cord to innervate the corresponding segments (Figure 1A)
(Barker & Cicchetti, 2012; Stanfield, 2012).

Furthermore, in the spinal cord, neurons are organized in two distinct regions: white and gray
matter (Figure 1C) (Stanfield, 2012). The first is mainly composed of axons, being found in the most
external zone of the spinal cord, appearing white due to the presence of myelin (Stanfield, 2012). The
white matter also presents an organization according to the class to which the neuron belongs (e.g.
pain, sensation, touch, motor) (Barker & Cicchetti, 2012; Stanfield, 2012).

The gray matter is concentrated inside the spinal cord within a butterfly-shaped region, being
composed of cell bodies, interneurons, dendrites of efferent neurons, and axon terminals of afferent
neurons (Stanfield, 2012). Moreover, the gray matter is also divided into ventral and dorsal sides with
two horns in each region. Dorsal horns are the structures where afferent neurons synapse with
interneurons or sensory neurons, while ventral horns accommodate the dendrites and soma of the
efferent neurons (Stanfield, 2012).

Besides neurons, the spinal cord is also composed of glial cells. These non-neuronal cells can be
divided into astrocytes, who support neuronal functions, oligodendrocytes, responsible for axon
myelination, and microglia, which are specialized embryonic-derived macrophages that are part of the

CNS immune system (Barker & Cicchetti, 2012; Stanfield, 2012).
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Figure 1: Central nervous system (CNS) basic representation. (A) CNS basic anatomy depicting the brain, the spinal cord, and its
corresponding levels; (B) Human dermatome showing how different nerve levels affect different body regions; (C) Transversal section of
the spinal cord highlighting the gray and white matter, the roots, the horns, and the efferent and afferent neurons. All figures were adapted
from Stanfield. (Stanfield, 2012).

1.2.1 Spinal cord protection and blood supply

The spinal cord has several layers of protection. The first layer is the vertebral column, which is
composed of vertebrae and intervertebral discs and offers physical protection to the spinal cord
(Stanfield, 2012). Additionally, three membranes termed meninges protect the spinal cord and have an
analogous structural organization to the cranial meninges. Namely, these are dura mater, arachnoid
mater and pia mater (Figure 2A) (Stanfield, 2012). The final layer of protection to the spinal cord is the
blood-spinal cord barrier (BSCB) (Figure 2B). Similar to the blood-brain barrier (BBB), this component
offers selective permeability between the CNS and the bloodstream (Barker & Cicchetti, 2012;
Stanfield, 2012). This allows the protection from potentially harmful substances while playing a role in
nutrient and metabolic transport (Stanfield, 2012; Wilhelm ef a/,, 2016). In order to achieve this high
degree of selectivity, CNS endothelial cells have a low number of membrane fenestrations, restricting

the free transcellular molecule transport (Bartanusz ef a/, 2011). Moreover, paracellular transport is



also limited due to the high number of tight junctions present between these cells (Bartanusz et a/.,
2011). Additionally, these cells also feature an enzymatic barrier that metabolizes biologically active
substances such as catecholamines, acetylcholine, and some peptides (Wilhelm et a/, 2016).
Therefore, specialized transporters are needed to allow different molecules to cross these barriers
(Wilhelm et al.,, 2016).

Additionally, endothelial cells from the BSCB are involved by a basement membrane, pericytes,
and astrocytic endfeet processes (Bartanusz ef a/, 2011). The basement membrane is mainly
composed of proteoglycans and laminins (Bartanusz ef a/, 2011). While this component is not well
studied, it seems to offer structural support by providing a matrix where cells can anchor and also
contribute to the barrier function of endothelial cells (Bartanusz ef a/, 2011; Xu et al,, 2019). Pericytes
also have an important role on these cells, by influencing angiogenesis, barrier formation and
maintenance, affecting blood flow regulation, and clearing of some possible hazardous molecules
(Armulik et al, 2010; Winkler et al,, 2011). Finally, although astrocytes feature a wide heterogeneity,
their common function is to support the development and maintenance of the CNS barriers (Alvarez et
al., 2013). Besides secreting molecules like vascular endothelial growth factor (VEGF) and angiopoietin
1 (Ang-1), which are necessary for angiogenesis, vascular stabilization, and permeability control,
astrocytes also play a role in CNS metabolism, mediating glucose and water transport between CNS
and the blood (Alvarez et al,, 2013; Bartanusz et a/., 2011).

Besides these principal components of the BSCB and the BBB, other cells also may participate in
the modulation of the aforementioned functions, namely microglia, oligodendroglia, vascular smooth
muscle cells, and neurons (Winkler ef a/, 2011). This cross-communication occurring between the
different cell types contributes to the maintenance of the CNS homeostasis. This unit composed of
neuronal and non-neuronal cells is termed neurovascular unit (NVU) (Alvarez ef a/, 2013; Bartanusz et
al., 2011; Winkler et al., 2011).

Although the general structure and molecular composition of the two barriers are similar, there are
some differences between the BBB and BSCB. For instance, although pericytes present a higher vessel
coverage in the CNS than in the periphery, the spinal cord has less pericyte coverage than the brain (12
to 32 % less) (Armulik ef al, 2010; Winkler et a/., 2011). Coupled with this, spinal cord endothelial cells
show decreased expression of tight and adherence junctions, which overall contributes to the higher
permeability of the BSCB (Bartanusz ef a/, 2011; Wilhelm ef a/, 2016). Moreover, there are also
regional differences inside the spinal cord. For example, the gray matter has a higher capillary density

than the white matter, which can be attributed to the higher synaptic activity and metabolic demand of



neuron cell bodies (Wilhelm ef a/, 2016). Further differences are found among the different types of
blood vessels. These are divided into arteries, capillaries, and veins and while all types exhibit barrier
function, the related biochemical and biophysical properties seem to be more expressed in capillaries
than in larger vessels. Moreover, venules present a looser arrangement of junctional strands than
capillaries (Wilhelm et al,, 20186).

Another key feature of the BSCB to keep in mind is the vessel distribution along the cord (Figure
2C). Regarding arterial supply, the spinal cord is mainly irrigated by three longitudinal arteries: one
anterior spinal artery and a pair of posterior spinal arteries, all branching from the vertebral artery
(Felten et al, 2016; Tran & Yao, 2018). Furthermore, below the cervical region, blood flow in these
longitudinal arteries is reinforced by radicular arteries (Felten et al, 2016). Moreover, the posterior
spinal arteries and the anterior spinal artery reconnect forming an arterial vasocorona, encircling the
spinal cord and supplying blood to its peripheral parts (Felten ef a/, 2016). Additionally, longitudinal
arteries branches of the central arteries penetrate the spinal cord, delivering oxygen and nutrients to the
gray and white matter (Felten ef a/, 2016). On the other hand, spinal cord venous drainage is less
complex than the arterial system. A net of veins perforates the spinal cord uniformly and symmetrically,
draining intramedullary blood to the posterior and anterior spinal veins. In turn, these veins drain into
the plexus situated in the pia mater and the epidural space, and then to the rest of the major body veins

(Felten et al,, 2016; Tran & Yao, 2018).

1.3 Spinal cord injury

Spinal cord injury (SCI) is a condition where the spinal cord is damaged either by a force, termed
traumatic SCI, or by an internal insult, like ischemia or auto-inflammatory diseases, termed non-
traumatic SCI. Traumatic SCI is the most common, with falls and road accidents representing its major
underlying causes (James et al., 2019). Overall, SCI incidence is higher in elder people (>70 years),
although there is a peak of incidence in cervical lesions in males between 20 and 40 years (James et
al.,, 2019). Moreover, it is estimated that around 27 million people suffer from this condition, with more
than 900 thousand new cases appearing every year all around the globe (James ef al, 2019).
Considering just Portugal, over 90 thousand patients are living with SCI, with 2 thousand new cases

occurring every year (James et al., 2019).
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Figure 2: Spinal cord protection and blood supply. (A) Schematics of bone and membrane protection of the spinal cord, highlighting the
vertebrae and the 3 meninges: dura mater, arachnoid mater and pia matter; (B) Blood-spinal cord barrier, with emphasis on the pericytes,
astrocytes, basal lamina (basement membrane), presence of tight junctions and lack of fenestrations; (C) Schematics of a transversal view
of the spinal cord arterial distribution. (A) Adapted from Stanfield (Stanfield, 2012); (B) Adapted from Bartanusz et a/. (Bartanusz et al.,
2011); (C) Adapted from Kaiser et al. (Kaiser et al., 2019).

As the spinal cord plays an important role in the communication between the brain and the rest of
the body, damage to this organ will affect several body functions. Usually, this is translated into loss or
decreased function on the organs below the injury. Moreover, the extent of these lost functions is
correlated with the injury level as well as with its severity (Silva et a/., 2014).

The most visible consequence of SCI is the loss of motor and sensory functions. Despite the daily
problems triggered by these disabilities, several other consequences occur in patients’ life. For
instance, several SCI patients develop respiratory and cardiac disturbances, as well as a loss of bowel
and bladder control and altered sexual function (Silva et a/, 2014). Coupled with this, up to 80 % of
these patients can suffer from nociceptive pain (coming from destroyed non-neuronal tissue) and/or
neuropathic pain (from damaged neuronal tissue) (Hagen & Rekand, 2015). Also, several infections
might occur in these people. For example, pressure ulcers can form due to the lack of mobility and
sensory perception of SCI patients, which further prolongs their immobility time and may progress into
a larger infection (Kruger et a/, 2013). Additionally, SCI patients are also affected at a social level. For

instance, almost 65 % of adults with SCI are unemployed (Ottomanelli & Lind, 2009). Also,
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misconceptions, negative attitudes, and lack of infrastructures that facilitate the motility of SCI patients
contribute to the exclusion of these people from society. Adding to this, their high degree of dependence
may lead to anxiety and depression, which further plays a negative role in patient recovery and general
health (Miller et af., 2017).

Overall, all of these comorbidities combined lead to higher chances of premature death when

compared with people without SCI (Savic et al,, 2017; Shao et al., 2011; Soden et a/., 2000).

1.3.1 SCI pathophysiology

SCI has a complex pathophysiology with a high degree of heterogeneity between lesions. However,
it can be separated into different overlapping phases: primary and secondary injury. The primary injury
occurs as a consequence of the initial insult, resulting in the disruption of the spinal cord cellular and
tissue architecture. This leads to a cascade of events termed secondary injury, responsible for the
majority of the damage (Silva ef a/,, 2014).

In a first instance, along with cellular disruption, the BSCB is breached, resulting in increased
permeability to peripheral components like immune cells and cytokines (Alizadeh et al, 2019).
Neutrophils are the first immune cells to arrive and infiltrate the lesion site through damaged blood
vessels, being followed by macrophages some days later (Alizadeh et a/, 2019; Donnelly & Popovich,
2008). Together with microglia, these cells mainly exert phagocytic activity, necessary for debris
cleaning. Additionally, T and B-cells activated against CNS antigens infiltrate the spinal cord, releasing
inflammatory molecules, stimulating macrophages/microglia, and promoting cell death (Jones, 2014).
Although beneficial in a first instance, the nefarious environment at the lesion maintains the phenotype
of these immune cells in a pro-inflammatory state (Monteiro ef a/, 2018). This activation profile
promotes the release of more inflammatory, growth-inhibitory, and cytotoxic molecules, exacerbating
the harm to the spinal cord and impairing a regenerative response. Furthermore, as lymphocytes
become autoreactive, i.e, react against own body antigens, the normal tissue that is initially spared
become the target of these cells (Donnelly & Popovich, 2008; Jones, 2014). Moreover, immune cells
increase their numbers at the injury site throughout time (Alizadeh et a/, 2019). The combination of the
increased number of immune cells present at the injury site with their exacerbated pro-inflammatory
state contributes to a dysfunctional immune response intensifying the secondary injury.

Several other processes add to the lesion complexity. For instance, after SCI, glutamate
concentration increases in the extracellular space, resulting in overactivation of glutamate receptors

and, consequently, excitotoxicity and cell death (Alizadeh ef a/, 2019; Silva et al, 2014). Under



physiological conditions, glutamate is able to trigger the influx of Ca? into neurons, glia, and endothelial
cells. However, during glutamate excitotoxicity, an aberrant cytosolic and mitochondrial increase of Caz
occurs, activating several cell death pathways (Alizadeh et a/, 2019). Additionally, mitochondrial
dysfunction leads to ATPase failure and ionic imbalance of Na- and K+, which, in turn, leads to cell
membrane depolarization and a higher degree of ATPase failure. Altogether, these events, coupled with
the immune cells reactivity, induce an increase in free radicals which leads to glycolysis failure, ATP
depletion, and lipid peroxidation (Alizadeh et a/,, 2019; Silva et a/., 2014). Lipid peroxidation leads to
cytotoxic byproducts, such as 4-hydroxinonenal and 2-propenal, and destabilizes cellular membranes
increasingly contributing to ionic imbalance (Silva ef a/., 2014).

All these processes increase cell death at the injury site, at a neuronal and non-neuronal level.
Moreover, cell death releases molecules that exacerbate the secondary injury, either by contributing to a
pro-inflammatory state or by inhibiting a possible regenerative response (Alizadeh et a/, 2019; Silva et
al, 2014). In fact, when oligodendrocytes die, myelin is fragmented into debris that is highly inhibitory
for axonal regeneration (Hutson & Di Giovanni, 2019; Silva et a/,, 2014). It was also shown that this
debris can exacerbate the pro-inflammatory state of macrophages, deepening the inflammatory
imbalance (X. Wang et a/., 2015). These processes continue on the following days, with an increase in
demyelination and cell death.

To contain the damage spreading, there is the formation of a physical barrier around the lesioned
site, known as glial scar, composed by activated astrocytes, macrophages, microglia, fibroblasts, and
extracellular matrix (ECM) molecules (Alizadeh et a/., 2019; Cregg et al, 2014). After the injury,
astrocytes become hypertrophic, swelling in size and increasing the expression of intermediate filament
proteins, forming a physical barrier around the injury (Alizadeh et a/., 2019; Cregg et al,, 2014). While
astrocytes form this barrier, microglia and macrophages occupy the innermost portion of the scar.
Along with this, fibroblasts secrete ECM molecules like fibronectin, collagen, and laminin and, also,
axon-repulsing molecules, thus forming a fibrotic scar (Cregg et a/, 2014). Moreover, the production of
chondroitin sulfate proteoglycans, a sugar that highly inhibits axonal regeneration, is increased
(Alizadeh et al., 2019; Silva et al., 2014). Taking this into account, although, in an acute phase, the
glial scar functions as a barrier to contain immune cells and prevent the spreading of tissue damage, in
a chronic phase, it functions as a chemical and physical barrier to axon regrowth. Additionally, there is
the possibility of the formation of a cystic cavity, aggravating the chances of possible recovery (Silva et

al., 2014).



Although several processes contribute to the inhospitable environment found at the injury site,
special attention should be given to the vascular changes that occur following SCI. Besides the
relevance of blood flow alterations after the lesion from a clinical point of view, endothelial cells also
participate in almost every secondary process of the injury. Accordingly, special importance will be

given in this thesis to the endothelial role after SCI.

1.3.2 Vascular alterations after SCI

Throughout time, several reports demonstrated that the vascular and nervous systems are not
independent, being in constant communication from development to disease, meaning that phenotypic
alterations in each system lead to reciprocal alterations in the other (Carmeliet, 2003; Paredes et a/,
2018; Tam & Watts, 2010; Walchli ef a/, 2015). One of the earliest findings of this interaction comes
from Andreas Vesalius, in the 16 century, where he described the similarities between the vascular
and the neural patterning, stating the beginning of a neurovascular link (Walchli ef a/, 2015). However,
only almost half a millennium later, evidence from the importance of this interaction started to appear.
Indeed, the first description of a barrier between CNS and peripheral tissue only appeared in the early
20 century by the experiments of Goldman (Tam & Watts, 2010).

Years later, the work of Stewart and Wiley, in 1981, showed that CNS cells could provide the
appropriate cues to induce the unique features of nervous system endothelial cells to non-CNS
endothelial cells. In addition to this, the authors showed that CNS parenchyma could provide signals
that induce endothelial sprouting towards the CNS (Stewart & Wiley, 1981). Since then, several reports
have elucidated the mechanisms behind these interactions. For instance, it was demonstrated that,
during development, endothelial cells and nerves share several common signals and pathways, with
almost simultaneous growth and maturation (Carmeliet, 2003; Paredes ef a/., 2018). Additionally, the
growth cone of a nerve is often compared to the tip cell of a sprouting vessel, since both exhibit
filopodia and lamellipodia structures and are influenced by common guidance molecules (Tam & Watts,
2010; Walchli et a/., 2015). Beyond these shared molecular and cellular mechanisms, neuronal activity
also influences cerebrovascular patterning during development as well as cerebral blood flow, in
adulthood (Paredes et al,, 2018). Furthermore, conditions that stimulate neurogenesis also seem to
trigger angiogenesis (Carmeliet, 2003).

Consequently, endothelial cells are also able to influence neural development and growth. For
instance, blood vessels secrete factors capable of influencing neural stem cells (NSCs) behavior in

adulthood (Paredes et a/., 2018). Supporting this fact, endothelial cells and NSCs are found in the



same CNS niches, where NSCs proliferate in small clusters around dividing capillaries (Carmeliet,
2003). However, the impact of endothelial cells on development neurogenesis is still to be totally
elucidated (Paredes et a/, 2018). Interestingly, endothelial cells can also act as guides to newborn
neurons and axon projections (Dray et al,, 2009; Grasman & Kaplan, 2017). Furthermore, these cells
can also act paracrinally in order to enhance axonal growth (Grasman & Kaplan, 2017). Besides these
intrinsic roles of endothelial cells in neuronal homeostasis, blood vessels also function as transporters
of oxygen, nutrients, growth factors and other molecular signals that impact normal neural function both
in the developing and adult brain (Tam & Watts, 2010).

As already stated, the interdependence between the nervous and vascular systems means that
damage to either one disrupts the other. Therefore, in SCI, the vascular changes that occur should not
be underestimated given the importance of this system to normal neuronal function. Actually, the idea
that vascular disruption occurs after SCl came from the early work of Allen in dogs with contusive SCI
(Allen, 1914). Following SCI and as a consequence of the primary injury, several vascular networks are
disrupted, resulting in hemorrhage at the epicenter (Tran & Yao, 2018). Depending on the extent of
blood loss, hypovolemia can occur, which is a state of decreased intravascular volume (Alizadeh et al,
2019). This can be aggravated into a hypovolemic shock, a life-threatening condition, in which the
amount of blood inside the human body is insufficient to let the heart pump, resulting in hypotension
with tachycardia (Mataliotakis & Tsirikos, 2016; Popa et a/, 2010). Besides this, the hemorrhage
induces vasospasms and allows fluid accumulation which in turn increases tissue pressure, enhancing
the damage (Alizadeh et al, 2019; Mataliotakis & Tsirikos, 2016). This disruption of vascular supply
leads to hypoperfusion, in which an insufficient blood flow reaches the spinal cord and results in tissue
ischemia (Alizadeh et a/, 2019; Tran & Yao, 2018). As neurons are highly dependent on nutrients
derived from the blood like glucose, even small amounts of tissue ischemia can lead to neuronal death
(Tran & Yao, 2018). Moreover, endothelial cells around the lesion may also be affected by prolonged
ischemia and other secondary injury events increasing vascular damage. It should be also noted that
since gray matter houses several neuronal cell bodies, corresponding to a higher blood vessel density, it
is more prone to ischemic damage and, consequently, cell death (Alizadeh et a/,, 2019). Additionally, it
was observed that hemorrhage extension is directly correlated with the area occupied by the cystic
cavity and with lesion severity (Noble & Wrathall, 1989a, 1989b).

As the vascular tone is highly regulated by nerve inputs that are damaged after SCI, several
systemic vascular changes occur after the lesion, persisting even during the chronic phase (Mataliotakis

& Tsirikos, 2016; Popa et a/., 2010). The disruption of the autonomic pathway with loss of sympathetic
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input and sustained parasympathetic stimulation may lead to neurogenic shock (Mataliotakis & Tsirikos,
2016). This shock is characterized by hypotension and bradycardia derived from uncontrolled
vasodilation. This reduces tissue perfusion leading to circulatory collapse (Mataliotakis & Tsirikos,
2016).

In addition to this, patients may suffer from additional peripheral vascular complications, involving
low cardiac output, low blood pressure, vasodilation, and hypothermia (Popa et a/, 2010). Works in
mice demonstrated that after SCI, endothelial permeability is augmented in several organs like the
spleen, the bladder, and the kidneys, leading to tissue edema and dysfunctions in several organs (Yuan
et al, 2019). Actually, in injuries above T4, blood pressure tends to drop and is associated with
diminished spinal cord perfusion, ischemia, and worse clinical outcome in patients (Fassbender et a/,
2011). In more advanced phases, several SCI patients tend to suffer from constant arterial hypotension
(Popa et af., 2010). Orthostatic hypotension is also observed in SCI patients, especially those with
cervical and high thoracic SCI, being manifested by dizziness, headache, nausea, fatigue, and loss of
consciousness when they try to alter their position (Popa et a/, 2010). Although the exact mechanism
behind orthostatic hypotension remains to be discovered, it is mainly attributed to sympathetic nervous
system dysfunction (Popa et a/, 2010). Altogether, this reduced blood flow results in an increase in
ischemia, which leads to the loss of initially spared tissue (Tran & Yao, 2018).

During the first days after SCI, reduced blood flow may also lead to deep vein thrombosis, muscle
paralysis, venodilation, and hypercoagulability. The thrombi that are consequently formed can dislodge
and go to the lungs, forming a pulmonary embolism, which can be fatal (Popa et a/, 2010).

Loss of control of sympathetic spinal cord neurons can also lead to autonomic dysreflexia which is
characterized by peaks of uncontrolled hypertension (Mataliotakis & Tsirikos, 2016; Popa ef a/., 2010).
Although several mechanisms contribute to this, it is mainly characterized by aberrant impulses from
afferent neurons that, due to the injury, no longer connect with the brain, hyper-stimulating the
sympathetic neurons present at the spinal cord (Popa et a/, 2010). This leads to the release of
norepinephrine and dopamine, increasing vasoconstriction and, consequently, hypertension (Popa et
al, 2010). When the brain perceives this crisis, it releases inhibitory impulses that cannot be
transmitted below injury level (Popa et a/, 2010). If this condition is left untreated it may cause
seizures, hemorrhages and even death (Mataliotakis & Tsirikos, 2016; Popa et a/., 2010).

Besides triggering a cascade of events that leads to additional tissue damage and systemic
dysfunctions by altering body homeostasis, vascular disruption following SCI also leads to local

molecular and cellular adverse effects involving other mechanisms, namely endothelial cell death and
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barrier dysfunction. Indeed, endothelial cell death derived from the primary insult occurs in the first 24
hours with further cell death occurring due to ischemia and ionic imbalance (Casella et a/, 2002,
2006; Ng et al, 2011). Furthermore, endothelial cells detach from the ECM after SCI, which decreases
their survival and leads to a drastic decrease in blood vessel density 24 hours after SCI (Figure 3)
(Benton & Hagg, 2011; Cao et a/, 2017; Casella et al,, 2002, 2006; Fassbender et al,, 2011; Figley et
al., 2014; Whetstone et a/,, 2003). As a reparative mechanism, the human body tries to reestablish the
normal vasculature. In fact, 3 days after SCI, new vessels start to be formed by angiogenesis, with
increased vascular density observed up to 7 days after injury (Figure 3) (Cao et al,, 2017; Casella et al.,
2002; Dray et al, 2009; Figley et al., 2014; Whetstone et a/, 2003). While some authors claim
baseline revascularization, others claim that vessel density is increased in comparison to normal spinal
cord tissue (Figure 3). It should be noted that these differences may be due to different analysis
methods as well as different injury models. Also, in an SCI mouse model, endothelial progenitor cells
were increased in the blood, suggesting vasculogenesis as a potential recovery mechanism after SCI,
and not angiogenesis exclusively (Yuan et a/, 2019).

However, these newly formed vessels are highly dysfunctional, do not express certain barrier and
nutrient transporter proteins, and do not associate with other cells. For these reasons, a functional NVU
is never assembled (Figure 3) (Benton & Hagg, 2011; Casella et a/, 2002). In a rat SCI clip-
compression model, although white matter perfusion is almost reestablished, the same does not occur
in grey matter, especially at lesion epicenter (Figley ef a/., 2014). These factors lead to a lack of nutrient
and oxygen supply to the cells, hindering the chances of survival and regeneration (Benton & Hagg,
2011; Tran & Yao, 2018). Some authors also claim that these vessels retract along with the formation
of the cystic cavity (Figure 3) (Casella et a/., 2002; Tran & Yao, 2018; Z. Zhang & Guth, 1997).

Coupled with these endothelial changes, in the first 24 hours, the BSCB is breached and its
permeability is increased (Figure 3) (Figley et al, 2014; Whetstone ef a/, 2003). This originates
disruption of the NVU, contributing to cell dysfunction and death (Benton & Hagg, 2011). As the new
vessels do not associate with neurons, astrocytes, and pericytes, this cooperative unit is not effectively
restored. This plays a major role in endothelial cell degeneration since, in addition to the disruption of
barrier function, their deficient interaction with astrocytes influences endothelial cell protein expression
(Whetstone et a/., 2003). For instance, after SCI, only vessels close to astrocytes expressed Glut-1, the
major glucose transporter in the CNS (Whetstone et a/,, 2003). As Glut-1 is the major glucose importer

present in the CNS cells, its absence may lead to neuronal metabolic stress after SCI.
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After this, between the third and seventh days after SCI, an increase in permeability is seen,
correlated with the angiogenic process where destabilization of existing vessels occurs (Figure 3)
(Benton & Hagg, 2011). Nevertheless, these new vessels still exhibit abnormal permeability (Benton &
Hagg, 2011; Ng et al,, 2011). Although most studies focus on the acute and subacute effects of BSCB
permeability, some studies show that BSCB remains compromised two months after injury (Cohen ef
al, 2009). This permeability allows the entrance of inflammatory cells that play a major role in
contributing to the secondary events following SCI. Endothelial cells can also contribute to unbalance
the immune response by activating microglia, leading to more cellular damage, acting in conjugation
with factors secreted by dead cells that activate the immune response (J. Y. Lee et al, 2015).
Controversially, newly formed endothelial cells can also modulate myeloid cell activity towards a
reparative phenotype (Cohen ef a/, 2009; He et al., 2012). It seems that different contradictory stimuli
are produced by these cells, being the balance between the different pro-inflammatory and pro-
regenerative molecules as well the timing of each molecule essential to dictate the observed response.
Nonetheless, in SCI, the predominant immune phenotype is a more pro-inflammatory one (Donnelly &
Popovich, 2008).

Endothelial cells can also be influenced by the immune response. For instance, tumor necrosis
factor-alpha (TNF-a) and interleukin (IL) 13, two pro-inflammatory cytokines, are upregulated after SCI,
enhancing vascular permeability (Donnelly & Popovich, 2008). Immune cells can also release enzymes
such as elastase and matrix metalloproteinase-9 that enhance vascular permeability (Donnelly &
Popovich, 2008). Endothelial cells may also be targeted by the exacerbated immune response, resulting
in endothelial cell death (Lentsch & Ward, 2000). Furthermore, activated macrophages/microglia were
detected within the same area of newly formed vessels after SCI (Casella ef a/, 2002). Therefore, it
seems that immune cells can enter the injury site either by damaged vessels or by the new vessels that
are being formed. In contrast, immune cells are able to participate in the angiogenic process. For
instance, macrophages, in a pro-inflammatory state, are responsible for the initiation of vessel
sprouting, while macrophages in a more pro-regenerative phenotype, are responsible for pericyte
attraction and vessel maturation (Maldonado-Lasuncion et a/,, 2018; Spiller et a/., 2014). However, in
SCI, the pro-regenerative phenotype is transient, being a possible reason for the ineffective
revascularization process (Monteiro ef a/., 2018).

Adding to this, hemorrhage and ischemia can lead to ionic imbalance, free radical formation,
oxygen deprivation, and metabolic alterations, contributing to the secondary injury and leading to more

cell death (Alizadeh et a/, 2019). Endothelial cells also interact with myelin debris. Nogo-A, a major
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myelin protein, acts not only as an inhibitory molecule of axonal regeneration but also as a negative
regulator of CNS angiogenesis (Walchli ef a/, 2013). Moreover, endothelial cells can engulf myelin
debris, which in turn upregulate genes associated with inflammation and matrix deposition and
downregulate genes associated with cell adhesion and junction (T. Zhou et a/, 2019).

As endothelial cells play a major role in homeostasis and on SCI events, the regulation of
endothelial function should be carefully addressed. Indeed, SCI has a complex pathophysiology with

several interconnected mechanisms. This may explain why no effective treatment is yet available.
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Figure 3: Temporal course of blood vessel alterations after spinal cord injury (SCI). With the decreased vascular density in the first hours,
neurovascular unit (NVU) disruption and blood-spinal cord barrier (BSCB) permeability increases. From day 3 to day 7, there is strong
angiogenic response which increases BSCS permeability. However, these new vessels are not cell-associated and therefore, NVU is not
reestablished. In the coming weeks and in the chronic phase, these events are yet not well characterized, with the highest timepoint for
BSCS dysfunction being two months. Furthermore, higher, lower and equal levels of vascular density prior to SCI have been reported,
highlighted by the red dotted line. Either way, NVU remains disrupted, hindering the recovery chances.

1.4 SCI therapies

Although there is not an effective treatment for SCI patients yet, the increase of knowledge on SCI
pathophysiology, the technological evolution and the creation of protocols with guidelines to
conveniently handle SCI patients is allowing a faster diagnosis, better rehabilitation protocols, and

consequently, better outcomes. The measures that are taken with SCI patients rely mainly on tissue
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protection and preventing the spreading of damage. Typical clinical handling, following diagnosis,
involves performing patient stabilization and decompression of the spinal cord (Badhiwala ef a/., 2019;
Silva et al., 2014). The optimal time interval for decompression surgery remains controversial, but the
best evidence suggests that better outcomes are obtained when this procedure is performed in the first
24 hours following lesion (Badhiwala et a/,, 2019). A fundamental neuroprotective measure is to avoid
hypotension in SCI patients (Hawryluk ef a/, 2015). After that, a high dosage of methylprednisolone
might be given to patients. This corticosteroid inhibits lipid peroxidation, maintains the BSCB integrity
and limits the inflammatory response (Silva ef a/, 2014). However, several adverse effects were
reported, including increased risk of infection, gastrointestinal bleeding, sepsis, pulmonary embolism,
and eventually death (Evaniew et a/, 2016; Silva et al, 2014). Furthermore, its longterm benefit is
controversial which made the standard guidelines to be against routine use of methylprednisolone
(Evaniew et al,, 2016).

Despite these preventive procedures, no measures are being taken to stimulate tissue
regeneration. After patient stabilization, the interventions rely mostly on palliative care and how to adapt
a daily life routine to the effects of this condition (Silva ef a/,, 2014). As no effective treatment is yet
available, several approaches to change it have been tested in this field. SCI therapy research can be
divided mainly into two areas: neuroprotection and neuroregeneration (Ashammakhi ef a/,, 2019; Kabu
et al, 2015). On one hand, it is necessary to find novel strategies to protect the tissue from further
damage, hampering secondary injury progression. On the other hand, it is also necessary to regenerate
the damaged tissue in order to achieve normal function (Kabu ef a/., 2015). The consensus across this
field states that neuroprotective measures should be applied in early timepoints while regenerative
approaches should be employed after (Kabu ef a/, 2015). Nonetheless, several approaches that are
being studied tackle both issues.

The reasons behind the lack of effective treatments for SCI lie on the complex pathophysiology
associated to the condition (as already discussed) and in the intricate association between neuronal and
non-neuronal cells in the spinal cord tissue. Because of this, therapies that only target neuronal cells,
either neuroprotective or neuroregenerative, may be insufficient to produce clinically effective
treatments. Beyond neuronal populations, SCI therapies must tackle the non-neuronal part of the injury,
with some approaches being made in this direction. For instance, some researchers are trying to
develop immunomodulatory therapies that shift the environment towards regeneration, while hampering
the pro-inflammatory state. Unfortunately, up until today, none has shown a substantial impact on the

course of the disease or in clinical outcomes (Hutson & Di Giovanni, 2019; Kabu ef a/., 2015). Another
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approach is to tackle the vascular changes that occur after injury. As a major component of the spinal
cord milieu and its association to several events after SCI, diverse advantages can be gained by tackling
the vascular network in SCI research. In fact, regrowth of the vascular network has been correlated with
functional recovery after SCI (L. Wang et a/, 2017). Indeed, protection of spared vessels may allow
normal nutrient and oxygen supply, decreasing ischemia and cell death (Benton & Hagg, 2011).
Moreover, by protecting the vasculature, immune cell infiltration will be decreased, resulting in less
tissue damage. Also, by targeting vasculature in an early phase, some comorbidities such as chronic
hypotension and organ permeability may be attenuated in more advanced phases of SCI.

Still in this line of thought, due to the biphasic peaks of BSCB permeability in the acute phase (24h
and 3-7 days), some authors argue that these timepoints should be used as time windows for drug
delivery to the injury site (Benton & Hagg, 2011). Contrarily, it should be noted that the natural
angiogenic response only occurs 3 days after injury and this period without proper nutrients and oxygen
might be responsible for irreversible damage to the spinal cord. Therefore, strategies to induce
vascularization should occur at earlier timepoints.

Despite this, there are some problems with revascularization strategies. One of them is the
stabilization of these new vessels. As new vessels formed in the lesion epicenter tend to degrade,
maintenance and protection of these newly formed structures remain a challenge (Tran & Yao, 2018).
Furthermore, research should also consider that vessels formed after SCI do not associate with
neuronal cells, and consequently, are not properly functional.

With this in mind, the development of a successful SCI therapy should tackle the recovery of neural
cells and circuits as well as the vascular network in order to form a properly functional NVU to ensure
the proper regulation of oxygen, nutrient supply and vascular tone by neuronal tissue (Tran & Yao,

2018).

1.4.1 Novel strategies for SCI treatment

As stated before, current research is mostly focused on neuroprotection and neuroregeneration,
although some groups are trying to address other SCI issues. However, as a complex injury, interfering
with one aspect of the pathophysiology may affect other related aspects of SCI. For example, by
promoting regain of vascular function, one may fulfill the neural metabolic demand and, consequently,
improve regeneration and functional recovery.

Neuroprotective research has been focusing on blocking glutamate excitotoxicity, hypothermia

therapy, modulation of cell death pathways, and immunomodulation (Ulndreaj et a/, 2017). On the
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other side, neuroregeneration has been focusing on increasing neuronal intrinsic signaling to regrow,
altering the neuronal extrinsic inhibitory environment, bridging the injured severed spinal cord and/or
modulating neuronal activity (Hutson & Di Giovanni, 2019). All of this is being explored using different
therapeutic strategies. Some authors employ molecular approaches by administering different classes
of molecules acting on diverse SCI pathophysiological events (Silva ef a/, 2014). Others address the
problem with tissue engineering by producing biomaterials to act as scaffolds, delivery agents or
instruct cells and tissue to a more regenerative phenotype (Assuncdo-Silva et a/., 2015; Rocha et a/,
2020b). Still in the field of engineering, electrical stimulation in the CNS has demonstrated promising
results (Courtine & Sofroniew, 2019).

Despite the majority of these strategies tend to focus on the neuronal part, some authors made
some attempts in the regeneration of a vascular network. Regarding molecular approaches, the main
focus has been the administration of classical pro-angiogenic molecules like VEGF and Ang-1 or anti-
inflammatory drugs (Kumar et a/, 2017; Tran & Yao, 2018). Others have proposed biomaterials as
angiogenic modulators of SCI, either by acting as a scaffold for vascular and neural regeneration or to
act as a delivery vehicle of other angiogenic mediators (Haggerty ef a/, 2018; Rocha et a/, 2018).
Regarding electrical stimulation, a contusion SCI rat model showed improved muscle capillary
distribution after epidural stimulation combined with locomotor training (Kissane et al/, 2019).
Additionally, some authors suggest that moderate hypothermia contributes to vascular and neural
network preservation after SCI (Kao et a/, 2011).

A widely explored therapeutic approach in SCI research, with promising results, is cellular therapy.
Several cell types have been used in pre-clinical and clinical studies ranging from Schwann cells to
induced pluripotent stem cells. As a matter of fact, the majority of studies regarding cell therapy for SCI
have been focused on different types of stem cells, either by their differentiation potential or their
support function in a regenerative response (Gomes et af., 2020; Kabu et a/,, 2015; Mothe & Tator,

2012; Silva et al., 2014; Vismara et al., 2017).

1.4.1.1 Cell therapy

Cell therapy consists in the transplantation of cells either from the own individual (autologous) or
from another person (allogeneic) to treat some disorder. The first successful cell therapy occurred in
1931 with the work of Paul Niehans and involved the transplantation of small pieces of steer
parathyroid gland into a patient (Fundukian, 2011). In the mid-1950s, the work of Edward Donnall

Thomas on bone marrow transplantation boosted the research on this direction (Thomas, 2000).
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Regarding SCI application, the first experiments came in 1980 by the Aguayo lab where it was shown
that peripheral nerve grafts promoted regeneration of CNS severed axons (Richardson ef a/, 1980).

In the last forty years, several different cell types have been investigated and some demonstrated
promising therapeutic effects (reviewed elsewhere) (Gomes et al., 2020; Kabu ef al, 2015; Mothe &
Tator, 2012; Silva et al,, 2014; Vismara et al., 2017))

One of the most promising cell types for SCI therapy are mesenchymal stem/stromal cells (MSCs).
These adult stem cells are appealing due to their high accessibility and possibility to be expanded
without major ethical concerns (Cofano et al, 2019). They were first described by Friedenstein, where it
was shown the osteogenic potential of MSCs (Friedenstein ef al/, 1974). In fact, these cells can
differentiate into osteoblasts, adipocytes, and chondrocytes. Moreover, to be termed MSCs, the cells
should be plastic-adherent and have a very defined cell surface antigen profile, namely the expression of
cluster of differentiation (CD) 105, CD73, CD90 and lacking the expression of CD45, CD34, CD14 or
CD11b, CD79a or CD19 and HLA-DR isotype (Dominici ef al, 2006). With this, several tissues were
identified as possible sources of MSCs namely, the bone marrow, adipose tissue, and umbilical cord. As
these new sources came to literature, questions about the stem-like properties of these cells emerged.
Because of that, in 2005, the International Society for Cellular Therapy defined these cells as
mesenchymal stromal cells unless a given population meet stem cell criteria (Horwitz ef a/, 2005).

Regardless of the term, MSCs have demonstrated potential for SCI therapy by modulating
inflammation, secrete neuroprotective factors, stimulate angiogenesis and axonal growth (Assuncéo-
Silva et al, 2015; Badhiwala et a/, 2019; Kabu ef a/, 2015; Mothe & Tator, 2012; Uindreaj et a/,
2017). These cells have a good homing capacity, being able to sense an injury and migrate towards it
(Chamberlain et al., 2007). However, no natural MSCs homing to the damaged spinal cord has been
reported.

The first experiments involving MSCs were made thinking that these cells could differentiate into
neurons and glial cells, and that their transplantation would allow replacing the lost ones due to the
injury (Gomes et al., 2020). However, this characteristic was not fully confirmed by other groups and it
seems that the beneficial effects of MSCs come from their intrinsic capacity to shape the environment
through paracrine activities and not from their differentiation potential (Arboleda ef a/, 2011; H.-T.
Zhang et al,, 2009).

Although their neuroprotective and neuroregenerative potential is attractive, their role in other
secondary aspects of SCI might be crucial for their therapeutic efficacy. In fact, MSCs can modulate the

immune response interacting with different immune cell types and promoting a normal immune
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response (Bernardo & Fibbe, 2013). Indeed, transplantation of these cells into the injury site of a rat
SCI model decreased macrophage infiltration, with improved functional recovery (Z. Zhou et af., 2013).

Furthermore, these cells have gained a lot of clinical interest due to their ability to induce blood
vessel formation (Gu et a/, 2017; Melchiorri et al, 2014; Watt ef a/, 2013). This led to the
development of some clinical trials for cardiovascular dysfunctions with functional improvements in
some of them (Watt ef a/, 2013). Although some studies report that some MSCs can differentiate into
endothelial cells, this remains controversial (Cano ef a/, 2017; Gu et al., 2017; Maacha et al., 2020).
Therefore, another possible mechanism for this pro-vascularization activity is MSCs paracrine activity,
due to the fact that MSCs secrete several proteins and extracellular vesicles that have been associated
with the vascularization process (Gu et a/, 2017; Maacha et a/, 2020). Another interesting feature of
these cells is their ability to induce differentiation of endothelial progenitor cells, in a transwell system,
revealing another possible paracrine mechanism for the favorable pro-vascularization response elicited
by MSCs (Ge et al, 2017). Moreover, MSCs are also able to remodel the ECM creating a more
favorable environment for vessel formation to occur (Song et a/., 2016).

As these cells tend to be found in close contact with blood vessels, it is theorized that cell contact
improves vessel stability, with some authors suggesting that this physical interaction is essential for
tubule formation and maintenance (Pill ef a/,, 2015; Rohringer et a/,, 2014; Watt ef a/,, 2013). Indeed,
Rohringer et a/ showed that although MSCs supernatants induce endothelial cells to form some degree
of tubule formation on fibrin gels, the close contact between MSCs and endothelial cells enhanced the
degree of interconnection and was necessary for the stability and maturation of these vessels
(Rohringer et al., 2014). This is supported by the fact that MSCs have been found in close association
with blood vessels in several tissues (Melchiorri ef al, 2014).

Bone marrow MSCs (BM-MSCs) are the most studied MSCs. Their administration to human
patients seemed to improve their quality of life while maintaining a safe profile, in diverse clinical trials
(Gomes et al., 2020). Currently, a phase II/Ill clinical trial with autologous BM-MSCs transplant is being
performed (NCT01676441). Nonetheless, BM-MSCs isolation still represents an invasive procedure
(Gomes et al., 2020). For that reason, alternative sources are being explored.

One of those sources lies in adipose tissue. Adipose tissue-derived stem/stromal cells (ASCs) were
first described in 2002 and rapidly became an attractive cell source of MSCs because of their non-
invasive accessibility and higher yield (Seo ef a/., 2019). Furthermore, ASCs and BM-MSCs do not seem
to differ on their angiogenic potential, and some studies even show a higher network density with the

use of ASCs instead of BM-MSCs (Pill ef a/, 2015, 2018). However, only a few studies investigated
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endothelial response to both types of MSCs in the same context. Nevertheless, both types seem to
stimulate the formation and maturation of vessel-like structures (Pill et a/,, 2015).

Pre-clinical data has shown promising results also in different rodent models. While some authors
reported improvements by injecting cells up to 7 days after the lesion, demonstrating their regenerative
and immunomodulatory profile, others used treatments immediately after the lesion, highlighting their
protective role (Gomes et al, 2020; Vismara et al, 2017). One interesting work from Zhou and
colleagues reported that MSCs increased angiogenesis and axon preservation while reducing
macrophage infiltration and lesion cavity, after a thoracic SCI. These effects were increased in ASCs
when comparing to BM-MSCs (Z. Zhou et al., 2013).

Adding to this, SCI dog models also have been tested for ASCs infusion with improved functional
recovery, without adverse effects (Gomes et a/,, 2020; Vismara et a/,, 2017). This exciting data led to
two phases | clinical trials with published results. Intrathecal and intravenously autologous transplants
of ASCs were performed without major complications and even with some functional improvements
(Hur et al,, 2016; Ra ef al., 2011). These helped in the development of new clinical trials, highlighting
one that compared BM-MSCs with ASCs and one evaluating intrathecal single dose injections of ASCs
(NCT03308565; NCT02981576). Taking into consideration the regenerative and protective phenotype
that ASCs have shown in pre-clinical and clinical trials and their less invasive and higher yield extraction
method, it seems that ASCs hold promise for a future SCI therapy.

Besides the recent advances in cell therapy, some challenges remain when using this approach.
The first is to obtain a sufficient number of cells in a feasible way and at an affordable cost (Kabu et a/,
2015; Mothe & Tator, 2012). For instance, for the clinical trial of R-Bio (NCT01274975), 400 million
cells were used in each patient (Ra et a/,, 2011). Although ASCs are possible to obtain with high yields
and expansion rates, the exact number of cells needed for human therapy is still unknown (Kern ef af.,
2006). Also, how the SCI environment affects the regenerative potential and survival of these cells must
be further studied (Cofano ef a/., 2019; Kabu ef a/, 2015). Additionally, the administration route is a
crucial step (Cofano et a/., 2019; Kabu et a/,, 2015). While intravenous injections are less invasive than
intrathecal injections and MSCs have a homing ability to the injury, some authors described that MSCs
administered by this route are often “trapped” in highly vascularized tissues like the lung (Chamberlain
et al., 2007). Therefore, a larger number of cells is required and the safety of the inclusion of MSCs in
these tissues needs to be carefully assessed. Given that MSCs have a regenerative potential mainly due

to their paracrine activity, a new field for SCI therapy has emerged. Some authors are now collecting the
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secreted molecules (secretome) of these cells and evaluating their therapeutic potential for several CNS

pathologies (Mendes-Pinheiro ef af., 2020; Pinho et a/., 2020).

1.4.1.2 Secretome-based therapies

Secretome is defined as the set of factors/molecules cells secreted to the extracellular space
(Vizoso et al, 2017). The first works began in 2000, with Tjalsma and colleagues, who studied the
pathways for protein transport and secretion of Bacillus Subtilis (Tjalsma et al., 2000). Five years later,
the work of Gnecchi and collaborators introduced the idea of using the secretome as a possible
therapeutic agent (Gnecchi ef a/,, 2005). In this work, the authors demonstrated that the secretome of
rat BM-MSCs could protect cardiomyocytes from hypoxic-associated damage, reduce cellular apoptosis
and the infarct size of the heart in a coronary occlusion rat experimental model (Gnecchi et a/, 2005,
2006).

Since then, several works detailed the potential of the secretome for regenerative medicine
applications and helped to develop this field (Salgado et a/,, 2010b; Vizoso et al, 2017). The use of
secretome is appellative in comparison to cell-based therapies for several reasons. Firstly, its
application overcomes the issue of cell survival and phenotype alteration after transplantation (Teixeira
& Salgado, 2020). Additionally, secretome can be treated as a conventional pharmacological agent with
safety, dosage, potency, and the possible creation of an off-the-shelf product with immediate availability
for the desired treatment (Teixeira & Salgado, 2020; Vizoso ef a/, 2017). Additionally, work from our
group has shown that, /n vitro, the secretome of ASCs collected from passage (P) 3 to P12 was able to
maintain its capacity to promote neurodifferentiation and axonal growth (Serra et a/, 2018). As the
secretome stability is maintained throughout passages, it is possible to obtain a large amount of
secretome extracted from an initial cell collection, making its use more economical (Serra et al., 2018).
However, the same has to be confirmed for other applications and other cell types. Furthermore, mass-
production, standardization and biological modifications to enhance some desired phenotype are
possible (Teixeira & Salgado, 2020; Vizoso et al., 2017).

The secretome is composed of two fractions: the proteic and the vesicular fraction (Pinho et al,
2020; Teixeira et al., 2013). The protein fraction is mainly constituted by growth factors and cytokines
while the vesicular fraction comprehends vesicles containing intracellular proteins and/or RNA that act
on different biological processes (Pinho et a/, 2020). Both fractions contain molecules involved in
immunomodulation, cell survival, neuroregeneration, neurodifferentiation, axon guidance, remyelination,

angiogenesis, and vasculogenesis (Cofano et a/, 2019; Pinho et a/, 2020; Salgado ef a/, 2010b;
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Teixeira et al, 2013; Vizoso et al, 2017). However, some authors argue that only some of the
molecules present in the secretome are beneficial for these processes and it led scientists to analyze
the contribution of each fraction for their therapeutic goal. Data from our lab indicates that, in a
compression SCI mice model, each fraction of the secretome of ASCs by itself could not elicit the same
recovery as the secretome as a whole (Pinho, 2019). It seems that the interaction between the different
molecules works synergistically to produce a therapeutic effect. It should be also noted that, even
though several proteins and vesicles are being characterized, the exact mechanisms in which the
secretome acts are not yet described.

One attractive feature of MSCs secretome is its ability to modulate different neural and non-neural
populations present in SCI. For instance, in a DRG explant, ASCs secretome induced neurite growth
(Assuncao-Silva et al,, 2018; Gomes et al,, 2018). Furthermore, this population of MSCs induced a
higher degree of axonal growth in comparison to BM-MSCs or umbilical cord MSCs (UM-MSCs)
(Assuncao-Silva et al., 2018). Also, in a microfluidic chamber, it was demonstrated that the secretome
of UM-MSCs induces axonal regeneration in a cell body-independent way (Martins ef a/., 2017).
Moreover, the aforementioned types of MSCs could induce the same extent of neurodifferentiation
(Assuncao-Silva et al., 2018). Additionally, secretome is also able to influence neural metabolic viability,
survival, and proliferation (Fraga et a/, 2013; Ribeiro et al., 2012; Salgado et a/., 2010a; Teixeira et a/.,
2015a)

Regarding influencing non-neural cells that take part in SCI, MSCs secretome can also act in
immune cells. Indeed, it reduces the inflammatory action of macrophages and T-cells, polarizing these
cells from an inflammatory state to a more pro-regenerative one (Bernardo & Fibbe, 2013; Maldonado-
Lasuncion et af., 2018). Additionally, endothelial cells are also influenced by the molecules released by
MSCs. Since the first works by Gnecchi and coworkers, which demonstrated the potential of secretome
for vascular regeneration, several others have tried to deepen the knowledge regarding this application.
Several molecules secreted by these cells are related to the vascularization process, such as VEGF,
basic fibroblast growth factor (bFGF), transforming growth factor B, platelet-derived growth factor,
hepatocyte growth factor, and angiopoietins (Maacha ef a/., 2020). Additionally, besides the diversity of
angiogenic proteins present in the secretome, several angiogenic microRNAs, such as miR-31 and miR-
125a, have been found in MSCs extracellular vesicles (Maacha et af., 2020).

Human umbilical vein endothelial cells (HUVECSs) are one of the most used cell types to study
endothelial cells and the vascularization process (Staton ef a/, 2009). Indeed, the secretome of ASCs

was able to have a positive effect both on the outgrowth of HUVECs and on their vascular organization
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in fibrin spheroids (Verseijden et a/, 2010). Moreover, the secretome of BM-MSCs could also induce
these endothelial cells to form vessels in matrigel, both in vifro and /in vivo (Estrada et af, 2009).
Furthermore, in a transwell assay, BM-MSCs could induce the differentiation of endothelial progenitor
cells into mature endothelial cells through paracrine mechanisms, supporting a possible vasculogenesis
approach to enhance vascularization (Ge et al,, 2017).

Paradoxically, different authors claim different MSCs sources as having the biggest angiogenic
potential (Maacha ef a/, 2020). As this may depend on the technical details of each research, these
observations are still debatable. However, independently of the source, all seem to point to the fact that
MSCs indeed support vessel formation (Maacha ef a/., 2020). For this reason, they hold great promise
in several applications ranging from ischemia to vascularization of biomaterials in tissue engineering.

Regarding the use of the secretome of MSCs to treat SCI, reports are only from pre-clinical models.
Cantinieaux and colleagues used the secretome of rat BM-MSCs and injected it intrathecally for 7 days
in a thoracic contusion injury model. This leads to better functional recovery, reduced cystic cavity and
increased blood vessel diameter (Cantinieaux ef a/, 2013). These results were further validated by
Cizkova and coworkers in a compression injury rat model (Cizkova et a/., 2018). More recently, Tsai et
al showed similar results by administering BM-MSCs secretome intravenously for 3 days in thoracic
contusive injury (Tsai et a/, 2018). However, caution should be taken before taking the next step.
Although the use of MSCs secretome as a therapy for SCI shows promising results in distinct SCI
models, several challenges need to be addressed before translating it to the clinic. MSCs comprise cells
from different tissue sources with variations among them (Vizoso et a/, 2017). Indeed, work from our
lab showed that the secretome of MSCs from different tissue sources present different compositions,
which may lead to differences regarding their therapeutic potential (Pires et a/, 2016). For instance,
BM-MSCs seem to secrete more molecules related with anti-oxidant properties than ASCs or UM-MSCs,
while the latter cells secreted more molecules associated with excitotoxicity protection (Pires ef al,
2016). Even so, it is not yet known if this different secretory profile translates into different functional
outcomes. Additionally, several aspects can influence the MSCs secretome within the same tissue,
namely cell density in culture flasks, medium, temperature, oxygen levels, and even gender, age and
health status of the donor (Teixeira & Salgado, 2020). For instance, the collection time of the secretome
has shown to differently impact mature neurons and glial cells (Ribeiro et a/, 2012). Moreover, 3D
cultures can also modulate the secretome of these cells when comparing to 2D cultures (Teixeira et a/.,
2016a). Lastly, the delivery strategy also influences the observed therapeutic outcomes (Veneruso et

al., 2019). As the mechanisms behind the therapeutic recovery are not yet understood, adding to the
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mentioned factors that differently influence cell behavior and, consequently, the secretome, no optimal
conditions for its application are yet established.

To fully understand the therapeutic potential of the secretome, interlaboratory standardized
protocols for the use of these cells and secreted molecules should be created. Although some work has
been done to address this issue, more research needs to be done to identify the optimal characteristics
and procedures for the use of MSCs and their secretome in a reproducible therapeutic approach (Jung
etal, 2012; Teixeira et al., 2016b). Even if a standardized protocol for optimal recovery, for example, in
SCl, is created, it should be revised and modified when tackling other pathological conditions.

Furthermore, regarding SCI, the use of either cells or their secretome alone did not elicit the total
functional recovery of the animals. This can be due to the application of non-optimal procedures to
these cells that do not stimulate their highest therapeutic response. Currently, several authors are trying
to modulate the behavior of MSCs with different stimuli to enhance cell and secretome therapeutic
responses (Mendes-Pinheiro et al, 2020; Pinho et al, 2020; Vizoso et al., 2017). Some of these

approaches will be addressed in the next section.

1.4.1.3 Improving cell and secretome based therapies
MSCs are highly plastic cells with the ability to change their profile according to the surrounding
environment. Aiming to explore this characteristic, several authors tried to modulate different factors to

enhance the therapeutic response of MSCs (Mendes-Pinheiro ef a/., 2020).

1.4.1.3.1 Three-dimensional cultures

Since, in physiological conditions, cells live in a three-dimensional (3D) environment, some authors
are starting to question whether this type of culture should not be the standard type of cell culture in the
future (Jensen & Teng, 2020). 3D cell culture can be divided into scaffold-based and scaffold-free
techniques (Jensen & Teng, 2020).

The former consists in the conjugation of biomaterials with cells to modulate cell behavior,
enhance cell survival in a transplantation strategy or even serve as secretome release systems
(Assuncao-Silva ef al., 2015; Rocha et a/., 2020b). Several biomaterials have been used ranging from
natural-based ones to synthetic polymers (Rocha ef al, 2020b). Indeed, Grotenhuis and coworkers
showed that synthetic polypropylene and polyethylene terephthalate-based materials could alter the
paracrine crosstalk between macrophages and ASCs (Grotenhuis ef a/., 2016). Moreover, Oliveira et a/

demonstrated that different natural hydrogels differently impact the behavior of ASCs, even at a
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functional level (Oliveira et al., 2017). Another work from Silva and collaborators demonstrated that by
altering a gellan gum hydrogel with a fibronectin-based peptide, the secretome of BM-MSCs cultured in
this hydrogel showed to better support the survival and differentiation of hippocampal neurons (Silva et
al., 2013).

The same hydrogel mentioned above, with ASCs encapsulated within its structure, led to extensive
neurite growth in a DRG model and significant motor improvements in rats with lumbar SCI (Gomes et
al, 2016). Additionally, ASCs within this hydrogel potentiated vascular recruitment in a chick
chorioallantoic membrane assay and HUVECs were also able to form vascular-like structures within the
hydrogel in the presence of ASCs (Rocha et al., 2020a).

Regarding scaffold-free 3D environments for SCI applications, one possible strategy might be to
culture MSCs as spheroids. Spheroids are cell clusters that grow in suspension, in an attempt to mimic
cell interactions in a 3D environment (Haycock, 2011; Jensen & Teng, 2020). Moreover, MSCs cultured
in spheroids have enhanced anti-inflammatory and angiogenic properties (J. H. Lee et a/, 2016;
Murphy et al,, 2017). Another promising scaffold-free strategy is the use of bioreactors. Bioreactors are
systems that provide an interactive 3D environment where biological and biochemical processes occur
in controlled conditions (Haycock, 2011; Kaasi & Jardini, 2016). This allows the expansion of MSCs at
a clinically relevant scale with consequent scale-up of secretome production (Jung ef a/., 2012; Vizoso
et al., 2017). Usually, cells are cultured in microcarriers to form spheroids or within hydrogels (Kaasi &
Jardini, 2016). Bioreactors can overcome some disadvantages of MSCs donor variability, producing
more homogenous cell populations from different donors (Hupfeld ef a/, 2014). Also, bioreactors can
modulate gene expression and paracrine signaling of MSCs (Hupfeld et a/, 2014; Teixeira et al.,
2016a). Indeed, Teixeira and colleagues showed that computer-controlled bioreactors enhanced the
neuroregulatory profile of the secretome of MSCs (Teixeira et a/, 2016a). Furthermore, it was observed
that bioreactors with mechanical loading stimulation enhanced the angiogenic profile of the secretome
of MSCs, influencing blood vessel formation and endothelial proliferation (Kasper et a/, 2007).
However, 3D cell culturing still faces some challenges, namely cost and imaging analysis (Jensen &
Teng, 2020). Also, the best type of 3D culture that maximizes the therapeutic effect is still unknown.

For that reason, several authors are trying other approaches to improve MSCs and their secretome.

1.4.1.3.2 Hypoxia
One of the alternative approaches to enhance the properties of cells and the secretome is the use

of hypoxia. Although in pathological conditions hypoxia may lead to cell death, in cell culture it can
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increase the proliferation of MSCs as well as change their transcription profile, with the potential to
enhance the angiogenic and neurotrophic action of these cells (Teixeira ef a/, 2015b; Wobma et al.,
2018; Zhilai et al, 2016). Indeed, when MSCs were exposed to hypoxic conditions and then
transplanted to SCI rat models, enhanced functional and histological improvements were observed
when comparing to MSCs cultured in normoxia conditions (W. Wang et a/,, 2018; Zhilai et a/., 2016).
Furthermore, MSCs pre-conditioned with hypoxia showed higher survival rates in the injured spinal cord
than normoxia MSCs (W. Wang et al, 2018; Zhilai et al, 2016). However, the best oxygen
concentration and timing of hypoxic stimulus for the desired application remains unclear. For instance,
the secretome of UM-MSCs cultured in 5 % O.or 21 % O:did not have a different impact on neuronal
differentiation /n wifro, although showing different secretome profiles (Teixeira et al/, 2015b).
Furthermore, Buizer and colleagues showed that BM-MSCs proliferation, metabolic rate, and angiogenic

profile varied in different O.concentrations (Buizer et a/., 2018).

1.4.1.3.3 Genetic engineering

An alternative strategy to modulate cell behavior is using genetic engineering. The first works
regarding the application of the secretome by Gnecchi showed that overexpressing the survival gene
Aktl on BM-MSCs increased the capacity of the secretome of these cells to protect hypoxic
cardiomyocytes and augmented the restoration of ventricular function (Gnecchi et a/., 2005, 2006).
From there, genes mainly related with survival, migration and immunomodulatory properties, like
superoxide dismutase 2, C-X-C chemokine receptor 4, /[-10, and /[-4 were the principal targets of
genetically modified MSCs (Seo ef a/, 2019). However, for SCI, genes associated with neuronal
function have also been studied, including brain-derived neurotrophic factor (BDNF), stromal-derived
factor-1, and glial-derived neurotrophic factor, with overall positive effects in functional recovery
(Gransee et al., 2015; Khan et al., 2018; Rooney et a/., 2009; Shahrezaie et al., 2017; A. N. Stewart et
al., 2017). Also, suppression of apoptosis-related genes seems to promote better functional recovery
(Edalat et a/., 2013). However, there are still some limitations on the clinical translation of genetically
engineered MSCs. These include the safety and efficacy of gene integration strategies and elucidation of

the most relevant genes to be targeted in MSCs to produce better results in SCI (Seo ef al,, 2019).

1.4.1.3.4 Molecular pre-conditioning
Another strategy to improve cell and secretome function is to pre-condition MSCs with molecular

cues. In comparison to the previously mentioned alterations, this type of strategy has the advantage of
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not needing special equipment and methodology for cell culture. Additionally, pre-conditioned MSCs can
be combined with previous techniques to enhance their therapeutic efficacy.

Within this research topic, the scientific community is divided into two branches: pre-conditioning
with pharmacological or bioactive molecules and pre-conditioning with inflammatory stimuli (Seo et af.,
2019). The first strategy comprises a wide range of factors that act on survival, differentiation,
regenerative ability, and migration of MSCs. For instance, curcumin pre-treated MSCs have increased
survival, angiogenic potential, and improved locomotor performance in a rat compression SCI model
(Liu et al, 2015; Ruzicka et al, 2018). Furthermore, Nagashima and coworkers used human dental
pulp MSCs pre-conditioned with bFGF in a complete transection rat SCI model. The results showed that
pre-treated cells promoted enhanced axonal regeneration and locomotor recovery (Nagashima et al,
2017). Another study used an already approved drug for the treatment of iron poisoning: deferoxamine.
This chelating agent augmented the levels of angiogenic, neuroprotective and anti-inflammatory
molecules in ASCs secretome (Oses et al, 2017). Furthermore, ASCs pre-treated with H.0. are
currently under a phase I/l trial, to treat patients with SCI (NCT02917291).

Despite this, the major focus of molecular stimulation is the pre-conditioning with inflammatory
molecules to enhance MSCs immunomodulatory properties (Saparov et al, 2016; Seo ef al., 2019).
Indeed, MSCs are able to closely interact with immune cells and their factors, being able to modulate
and be modulated by these interactions (Bernardo & Fibbe, 2013; Li & Hua, 2017; Shi ef a/,, 2012).
Besides that, some authors also explored other functions of immune-stimulated MSCs. For instance, it
was observed that TNF-a enhanced the angiogenic paracrine function of ASCs (Heo ef a/, 2011; Kwon
et al, 2013; M. Wang et al., 2007). Another pro-inflammatory molecule that gained attention in this
field is interferon-gamma (IFN-y). Krampera and coworkers showed that this pro-inflammatory cytokine
enhanced the immunosuppressive properties of MSCs (Krampera ef a/., 2006). Additionally, Sivanathan
et al suggested that pre-activation of MSCs with IFN-y could improve their therapeutic efficacy by
enhancing the reparative properties of these cells as well as their homing and immunomodulatory
capacity (Sivanathan ef a/., 2014). As a matter of fact, this strategy has been tested in pre-clinical trials
in several inflammatory disease models (Sivanathan ef a/, 2014).

An alternative class of inflammatory molecules being tested are toll-like receptor (TLR) agonists.
This class of receptors contributes to the host defense mechanism by recognizing molecular patterns
associated with pathogens or cellular damage to activate a proper inflammatory response (Seo et al.,
2019). Although these receptors have been mainly associated with immune cells, MSCs have been

described to also express some TLRs (Bernardo & Fibbe, 2013; Hwa Cho et a/., 2006).
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Lipopolysaccharides (LPS) are a major component of the outer membrane of Gram-negative
bacteria contributing to their integrity and function (G. Zhang et a/, 2013). LPS activate TLR4, being a
widely used molecule for the induction of an inflammatory state in laboratory settings. Indeed, a 12-
hour period of LPS stimulation altered the secretome composition of bovine MSCs, namely in proteins
associated with angiogenesis, tissue remodeling, and antioxidative functions (de Moraes et a/,, 2017).
This was confirmed at a functional level with human and porcine ASCs, where the secretome of MSCs
previously stimulated with LPS enhanced angiogenesis (Bernardini ef a/, 2019; S. C. Lee et al,, 2015).
Moreover, stimulated human ASCs were also able to promote hepatocyte survival and liver regeneration
(S. C. Lee et al, 2015).

On the other side of the inflammatory spectrum, pre-conditioning with classical anti-inflammatory
cytokines is not well explored. Still, Saldafia ef a/. showed that IL-10 secreted by macrophages is able to
potentiate the immunomodulatory potential of MSCs (Saldafia et a/., 2019). Moreover, co-cultures of
MSCs with anti-inflammatory macrophages enhanced their immunomodulatory role (Cho ef a/., 2014;
Saldafia ef al., 2019). Also, anti-inflammatory cytokines like IL-10 and TGF-f3 supported the growth of
MSCs (Freytes et al., 2013). However, how these anti-inflammatory molecules are able to influence the
regenerative potential of MSCs is now known.

Even though some promising results were obtained, cell and secretome therapy still face some
challenges before being effectively translated to the clinical setting. One of these challenges is the
insufficient therapeutic potency of MSCs in SCI. Thus, functional enhancement of these cells is needed.
However, the conditions that enhance this therapeutic potential are still unknown and more research

needs to be developed in this direction.
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2. Research objectives

MSCs, and within these, ASCs, have shown promising results in the development of SCI therapies,
either with cells or with secretome, in part due to their ability to induce neuronal and vascular
regeneration. However, there is a need to enhance the therapeutic potential of these cells. One possible
strategy is by conditioning ASCs with inflammatory molecules as it has been reported that these cells
have a strong relationship with immune cells being able to modulate and be modulated by them and
their molecules. Although these inflammatory stimuli seem to promote a more immunomodulatory
profile in ASCs, few reports show the effects of this stimulation at a neuronal and vascular level within

the same setting. Therefore, the objectives of the present work were:

1. Understand the impact of pre-conditioning ASCs with pro and antiinflammatory mediators on
their ability to induce vessel formation, at a paracrine and non-paracrine level.

2. Understand the impact of pre-conditioning ASCs with pro and anti-inflammatory mediators on
neurite outgrowth, at a paracrine and non-paracrine level.

3. Evaluate how the different inflammatory molecules could alter the genetic expression of ASCs.
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3. Materials and Methods
3.1 ASC culture

Professor Jeffrey Gimble (LaCell LLC) kindly provided ASCs collected from human lipoaspirates of
consenting donors, according to a protocol previously described (Dubois et a/., 2008).

Cells were cryopreserved at -196 °C, with 90 % (v/v) Fetal Bovine Serum (FBS) (Sigma) and 10 %
(v/v) dimethyl sulfoxide (DMSO) (Sigma) and thawed when needed. All experiments were done with, at
least, one passage after thawing and ranging from P5 to P8. ASCs were expanded in ASCs culture
medium composed by Minimum Essential Medium - alpha (a-MEM) (Thermo Fisher Scientific)
supplemented with 10 % (v/v) FBS and 1 % (v/v) Penicillin/Streptomycin (PenStrep) (Gibco), at 37 °C
and 5 % CO: (v/v).

When 80 to 90 % confluence was reached, cells were detached using trypsin-
ethylenediaminetetraacetic acid (trypsin-EDTA) 0.05 % (v/v) (Gibco), for 5 minutes, at 37 °C and 5 %
CO. (v/v). Then, enzymatic activity inhibition was performed by diluting with media followed by a
centrifugation step (249 g, 5 minutes), in which the supernatant was discarded (Procedure termed
trypsinization from here onwards). Cells were counted with trypan blue and a Neubauer chamber. ASCs

were plated at 4000 cells/cm? unless stated otherwise. Medium was changed every 2 to 3 days.

3.1.1 ASCs stimulation

In order to study the impact of inflammatory mediators on ASCs regenerative capacity, several
different molecules were used. For the pro-inflammatory stimulus, 20 ng/ml of IFN-y (Peprotech) and
100 ng/ml of LPS (Sigma) were used. For the anti-inflammatory stimulus, 200 ng/ml of IL-10
(Peprotech) was used. A group without any stimulation was also employed in all experiments.

ASCs were plated for 72 hours before being stimulated for 24 hours with the inflammatory

mediators diluted in ASCs culture medium.

3.1.1.1 ASCs morphology assessment
To observe if the inflammatory stimulus altered the ASCs morphology, 24 hours after stimulation,
ASCs were fixed with 4 % paraformaldehyde (PFA) for 20 minutes. Also, a group in which the stimulus
was removed and switched for ASCs regular culture medium for 3 days before fixation was performed.
After this, cells were submitted to a 30-minute staining with phalloidin (0.1 ug/ml) (Sigma) and
4’ 6-Diamidino-2-phenylindole dihydrochloride (DAPI) (1 pg/ml) (Invitrogen), in phosphate-buffered
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saline (PBS) 1x, to mark actin and cell nuclei, respectively. Next, each well was washed 3 times with

PBS 1x. All images were taken on Olympus Widefield Inverted Microscope IX81.

3.1.2 Secretome collection

All secretome collections were done in serum-free conditions. After reaching P6, ASCs were
maintained in culture medium for 72 hours. Then, ASCs were stimulated as described previously
(Section 3.1.1). Afterward, the medium was removed and cells were washed 4 times with PBS without
Caz and Mg (Invitrogen) to remove any excess proteins adsorbed to tissue culture plastic. As the
vascular morphogenesis and the neurite outgrowth are performed in different media, the secretome of
each experiment was also collected in different media. Therefore, for the vascular morphogenesis
assay, endothelial growth medium (EGM) (R&D Systems) with 1 % (v/v) PenStrep was used, while for
the neurite outgrowth assays, Neurobasal medium (Thermo Fisher Scientific) with 1 % (v/v) PenStrep
was added to cells. After 24 hours, these media were collected and centrifuged (249 g, 5 minutes) to
pellet cell debris. The supernatant was frozen on liquid nitrogen and stored at -80 °C for further use.
This final solution was termed secretome. The same procedure was made with an empty flask (without

cells) to obtain a control group.

3.2 HUVECs isolation and culture

Human endothelial cells from the umbilical vein were used for the studies of vascular
morphogenesis. To achieve an endothelial cell bank, umbilical cords of healthy consenting donors from
“Hospital de Braga”, under an approved protocol by the review board of the Ethical Commission for
Health of “Hospital de Braga”, were used. After cleaning the umbilical cord with PBS 1x, a cannula was
placed in the umbilical vein, held by a zip tie. Then, the vein was washed with PBS 1x to remove any
blood clots and excesses of blood. Afterward, the umbilical cord was closed on the other end, and the
vein rinsed with o-MEM containing 0.2 % (w/v); (210 U/ml) Type | Collagenase (Gibco) and 1 % (v/v)
PenStrep. This procedure took 15 minutes with the umbilical cord submerged on PBS 1x, at 37 °C and
5 % CO.(v/v). After this, to guarantee homogenous digestion, the cord was massaged and the digestion
product was transferred to a 50 ml Falcon, with subsequent washes of a-MEM (with 10 % (v/v) FBS
and 1 % (v/v) PenStrep), PBS 1x, and air. Then, the solution was centrifuged (249 g, 10 minutes), with
supernatant removal. The pellet was resuspended in EGM supplemented with 2 % (v/v) of endothelial
growth supplement (EGS) (R&D Systems), and 1% (v/v) PenStrep (complete EGM). Meanwhile, 6-well
plates were coated with 1 % (w/v) Type B bovine gelatin (Sigma) for 30 minutes, at 37 °C and 5 % CO:
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(v/v). After the coating, the cell suspension was plated and left overnight, at 37 °C and 5 % CO:(v/v), to
let cells attach. The following day, non-adherent cells were removed and culture medium was changed
every two days. When cells reached confluence, they were trypsinized and then frozen for further
experiments, following the same protocol applied to ASCs. When needed, HUVECs were thawed using
the same procedures as for ASCs, and grown on a coating of 1 % gelatin in complete EGM changed

every two days.

3.2.1 HUVECs purity assessment

HUVECs in P2 were fixed with PFA 4 %, for 20 minutes, to be stained for Von Willebrand Factor
(VWF) (endothelial cytoplasm protein), to estimate the efficacy of the established protocol. The next step
consisted on permeabilization (with PBS with 0.3 % Triton (PBS-T) for 5 minutes) to allow an easier
antibody entry, followed by the addition of a blocking solution (PBS 1x with 10 % Newborn Calf Serum
(NBCS) (Gibco) for 1 hour), to reduce unspecific binding. Rabbit anti-VWF (1:500) (Abcam) diluted in
blocking solution was added for another hour. Then, donkey anti-rabbit Alexa Fluor 594 (1:1000)
(Invitrogen) secondary antibody was added for another hour, also diluted in blocking solution. Finally,
counterstain with DAPI was done for 20 minutes as previously described. Between each solution, cells
were washed 3 times with PBS 1x. Between primary and secondary antibodies, cells were washed with
PBS with 0.5 % NBCS. All images were taken on Olympus Widefield Inverted Microscope 1X53. The
efficacy of the isolation was determined by counting the number of VWF positive cells among the total

number of cells determined by DAPI.

3.3 Vascular morphogenesis assay

Endothelial cells have the capacity to form vessel-like structures (vascular morphogenesis) when
plated on an ECM.

In order to implement this model, several optimization steps were needed. For that, HUVECs in
complete EGM were combined with rat tail collagen type | (BD Bioscience), an ECM. In a series of
experiments, different cell densities ranging from 10 000 cells/cm? to 60 000 cells/cm?, combined with
different gel concentrations (2.5 - 3.15 mg/ml) were done. Also, the presence of angiogenic factors
(VEGF (Peprotech) and fibroblast growth factor 2 (FGF-2) (Peprotech) was tested. Furthermore, a 3D
environment where HUVECs were encapsulated into collagen was also assessed. Despite all these
variable changes, none were able to elicit a robust formation of vessel like-structures, even when

spanning the experiment for 7 days.
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Therefore, the next step involved switching from collagen to matrigel (BioCell, Inc), a richer ECM.
With this matrix, HUVECs plated on top of it, at a cell density of 20 000 cells/cm? were able to form
vessel-like structures within 16 hours. After this, cells were fixed with 4 % PFA for 45 minutes. All
experimental assays were done in o-MEM 10 % FBS 1 % PenStrep unless stated otherwise. Therefore,
this experimental setup was used for the different vascular morphogenesis assays. Moreover, a positive

control in complete EGM was used to assess experiment quality.

3.3.1 Indirect co-culture system to study vascular morphogenesis

In order to assess how ASCs influence the vascularization process through paracrine mechanisms,
a 24-well transwell system with a polyester membrane with 0.4 um pores (Corning) was used. The
experimental setup was designed as in Figure 4.

Prior to this, ASCs were passaged as detailed formerly and plated on the bottom of the transwells
for 72 hours, with the insert kept apart in order to keep it dry. There, ASCs were stimulated as
described in Section 3.1.1 for 24 hours. In the co-culture day, a drop of 40 pl of matrigel was placed in
the upper half of the insert and kept for 1 hour at 37 °C and 5 % CO. (v/v) to let it gel. Then, HUVECs
were plated on top of matrigel (20 000 cells/cmz) within 100 pl of medium. After ASCs stimuli removal,

the insert was placed back in the plate with ASCs for 16 hours.

No stimulus

Pro-inflammatory Anti-inflammatory

stimulus ‘ stimulus
LPS IL-10
or

[FN-Y
16 hours

Staining and
morphological
analysis

Figure 4: Scheme of the indirect co-culture system for the study of vascular morphogenesis. ASCs were stimulated for 24 hours with pro
or anti-inflammatory stimulus (or without stimulus). After, HUVECs were plated on the matrigel droplet in the upper chamber of the
transwell system. 16 hours later, cells were fixed and stained for analysis.
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3.3.2 System to study the impact of ASCs secretome on vascular morphogenesis
To assess if the molecules secreted by ASCs could elicit the same response as the paracrine

crosstalk on the vascular morphogenesis, the setup described in Figure 5 was used.
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Briefly, after matrigel gelling on a 96-well plate (SPL), HUVECs were resuspended in the ASCs

secretome and plated on top of this gel, for 16 hours.

Secretome of ASCs

‘ Secretome of ASCs pre-
conditioned with IL-10
or
16 hours
Staining and morphological
= =B = analysis

Figure 5: Scheme of the system to evaluate the effect of the different secretomes on vascular morphogenesis. HUVECs were resuspended
in ASCs secretome collected previously and plated on top of matrigel for 16 hours before being fixed and stained for morphological
analysis.

Secretome of ASCs pre-
conditioned with LPS+INF-y

3.3.3 Direct co-culture system to study vascular morphogenesis

To assess the impact of the direct contact of ASCs on HUVECs vascular organization, there was
a need to adapt the model developed in order to decrease the distance between ASCs and HUVECs, as
illustrated in Figure 6. For that, 24 hours before the co-culture ASCs were encapsulated in matrigel on
cell density of 30 000 cells/ 40 ul of matrigel, by resuspending in the appropriate volume of matrigel
and then plating on a 96-well plate. After gelling, o-MEM with 10 % FBS and 1 % PenStrep and the
appropriate stimulus was added to the encapsulated cells. 24 hours later, the stimulus was removed

and HUVECs were plated on top of the gel, for 16 hours, as described for other experiments.

No stimulus
Pro-inflammatory Anti-
stimulus inflammatory
LPS or stimulus

IFN-Y

24 hours 16 hours  Staining and

morphological
=3 analysis
Figure 6: Scheme of the system used to study vascular morphogenesis on closed contact environment between ASCs and HUVECs. ASCs

were encapsulated on matrigel in a density of 30 000 cells/40 pl of gel, and incubated with the stimulus for 24 hours. Then, HUVECs
were placed directly on top of ASCs and fixed 16 hours later for the morphological analysis.
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3.3.4 HUVECs on matrigel immunocytochemistry

To visualize the vessels formed by HUVECs, VWF antibody was used to mark endothelial cells in
the non-paracrine assay. All experiments were counterstained with phalloidin and DAPI.

In the indirect assays, prior to the beginning of the ICC, the insert membrane containing the
matrigel was cut and place on a 24-well plate. After this, the procedure was similar to all three types of
vascular morphogenesis assays.

The initial step consisted in the permeabilization with PBS-T 0.3 % (w/v) for 10 minutes followed by
3 washes with PBS 1x. Blocking solution of PBS 1x 10% (v/v) NBCS was added for 90 minutes,
followed by the addition of VWF antibody. After overnight incubation at 4°C, the gel containing the cells
was washed 3 times with PBS with 0.5% NBCS. Alexa Fluor 488 Goat anti-rabbit secondary antibody
was added for 3 hours before washing. The final step consisted on staining the cells with DAPI and
phalloidin for 45 minutes, followed by 3 washes with PBS 1x. All images were taken in Olympus
Widefield Inverted Microscope 1X81, using the Stage Navigator tool of the CellSens software (Olympus),

to do a mosaic of the vessel-like structures obtained.

3.3.5 Vascular morphogenesis analysis

To evaluate the degree of vascularization, AngioTool64 Version 0.6a Software was used. After
opening the resulting image and defining the scale and the fluorescence threshold, the software allows
for background and small particle removal. After this correction, the software automatically forms a
skeleton overlaying the original picture giving quantitative data about different parameters related to
vascular organization (Table 1 and Figure 7). In particular, the software first quantified the explant area
that is the area occupied by the convex hull containing the vessels. Then, it quantifies the total area of
the vessels as well as the number of junctions between each vessel, depicted in blue dots in Figure 7.
Both of these parameters were normalized to explant area giving the percentage of the vessel area and
junction density. Also, the total length of the vessels of the image is obtained and a calculation of the
mean length of the vessels is performed. Finally, the number of endpoints (White arrows Figure 7) is
calculated. In the present work, the total vessel length and the number of endpoints were also

normalized to the explant area.
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Figure 7: Representative image of the vascular morphogenesis analysis run by AngioTool software. (A) After using drawing tools to
highlight some staining, the image is run on the software resulting in the image on the right. (B) Software image after analysis showing all
vessels in red, with the blue dots being considered branching points. White arrows depict endpoints. The dashed line around is the explant
area.

Table 1: MorEhologcal Earameters assessed on the vascular morEhogenesis assay.
Parameter Description

The area occupied by the convex hull containing the vessels in the
Explant area

image
Vessel area The area of the segmented vessels
Junction density The number of vessel junctions normalized per unit area

The sum of Euclidean distances between the pixels of all the vessels
Total vessel length

in the image
Average vessel length Mean length of all the vessels in the image
Number of endpoints The number of open-ended segments

3.4 Dorsal Root Ganglia explants

To study the potential of ASCs and their secretome on neurite outgrowth, a DRG explant was used.
DRG explants are a useful model as they are able to produce neurites after extraction, under
appropriate conditions (Gomes ef a/, 2016). To achieve this, DRG were dissected from the thoracic
regions of Wistar-Han rat pups ranging from postnatal day 5 to 7. Then, any residue of peripheral
nerves was removed. These assays were conducted on sterile conditions and by keeping DRG on cold
Hank's Balanced Salt Solution buffer (HBSS) (Gibco, pH=7.2) during extraction and cleaning to
maintain cell viability. All experiments had a group where DRGs were grown on Neurobasal medium
supplemented with 6 mg/ml D-Glucose (Sigma) B27, 2mM L-glutamine (Invitrogen), 2% B27
(Invitrogen), 1% PenStrep (complete Neurobasal) and 50 ng/ml of recombinant human (-Nerve Growth
Factor (Peprotech) to assess DRGs quality. All DRG were kept at a humified atmosphere with 5% (v/v)
CO:and 37 °C.
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3.4.1 Indirect co-culture between ASCs and DRGs

Previous work from our group with this model showed that placing DRG on an ECM like collagen
could promote its adhesion as well as neurite outgrowth. Therefore, to study the paracrine influence of
ASCs on DRG, collagen hydrogel droplets were used to separate these two cell types. (Figure 8)

Prior to this, ASCs were passaged, as described formerly, and plated on 24-well plates (SPL) for 72
hours, before being stimulated for 24 hours as already described. On DRG extraction day, rat tail
collagen type | was mixed with Dulbecco Modified Eagle Medium (DMEM) (Gibco) 10x concentrated on
a proportion of 89.6 % (v/v) collagen to 10 % (v/v) of DMEM. Then, 0.4 % (v/v) of sodium bicarbonate
(7.5 % (w/v)) (Sigma) was added and droplets of 30 uL were made on a cell culture plate. To gel these
droplets, a period of 90 minutes of incubation, at 37 °C and 5 % (v/v) CO., was applied. After this, cell
medium of ASCs was removed and the collagen droplet was transferred to the top of ASCs. Then, the
cleaned DRG were placed on the top of the collagen gel and incubated with complete Neurobasal
medium. Also, a control group without ASCs was performed. The experiment was maintained for 4 days
before being fixed with PFA during 45 minutes, with medium change two days after the beginning of the

experiment.

No stimulus
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Dorsal Root Ganglia analysis

“ Collagen

Figure 8: Scheme of the setup used to study neurite outgrowth at a paracrine level. ASCs were stimulated for 24 hours with the pro-
inflammatory stimulus or anti-inflammatory stimulus (or no stimulus) before a collagen droplet with the DRG on top was placed on top of
them. After 4 days, cells were fixed and stained for morphological analysis.

3.4.2 DRG assay with secretome

Using a similar setup from the previous section, the effect of ASCs secretome was studied as
shown in Figure 9. After DRG cleaning and formation of collagen gels, DRG were placed on top of the
gels with the respective secretome collected in Neurobasal medium. Experiments were extended for 7

days with medium change every 2 days, before the cells being fixed for 45 minutes.
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Figure 9: Scheme of the setup used to study neurite outgrowth induced by ASCs secretome. After putting the DRG on the collagen droplet,
previously collected secretome was added to the culture and changed every two days until day 7 where cells were fixed for further
morphological analysis.

3.4.3 Direct co-culture between ASCs and DRG

In order to achieve a conceivable way of studying the relationship on a direct contact level between
ASCs and DRG, the experiment was done under the same conditions of the indirect co-culture but
without the collagen gel (Figure 10). Therefore, the DRG were put directly on top of cells and
maintained there for 4 days with medium change on the second day. A group without ASCs was used

as control.
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Figure 10: Scheme used to study how direct contact between ASCs and DRG affect neurite outgrowth. ASCs were stimulated for 24 hours
with the pro-inflammatory stimulus or anti-inflammatory stimulus (or no stimulus). Then, the DRG was placed directly on top of ASCs. After
4 days, cells were fixed and stained for morphological analysis.
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3.4.4 DRG immunocytochemistry

To achieve a way of visualizing the neurites produced by the DRG, cells were stained with anti-
neurofilament antibody, a major component of neural cytoskeleton, and counterstained with DAPI. Also,
phalloidin was used in the direct contact assay to visualize ASCs.

For the assays done on collagen (indirect contact and secretome), a permeabilization step of 10
minutes with PBS-T 0.3% (w/v) was first done followed by 3 washes with PBS 1x. Then a blocking step
with PBS 1x supplemented with 10% (v/v) NBCS was done for 90 minutes, followed by the addition of
mouse anti-neurofilament (1:200) (Millipore), for 24 hours, on blocking solution. After this time, each
well was washed 3 times with PBS 1x with 0.5% NBCS before adding goat anti-mouse Alexa Fluor 488
(1:1000) (Invitrogen) secondary antibody. After 3 hours, cells were washed with PBS 1x before being
counterstained with DAPI, for 30 minutes. All images of DRGs into collagen gels were taken on Olympus
LPS Confocal FV1000 using the Multi Area Time Lapse tool to acquire the entire DRG and its neurites.

For the direct contact, the same steps were taken but with 5 minutes of permeabilization, 1 hour
of blocking, 1 hour of primary antibody, and 1 hour of secondary antibody. Finally, these cells were
counterstained with phalloidin and DAPI for 30 minutes. These images were taken on Olympus

Widefield Inverted Microscope IX81, using the Stage Navigator tool of the CellSens software (Olympus)

3.4.5 DRG analysis

After image retrieval, its analysis was performed using ImageJ software with the plugin Neurite-J.
After defining the scale, and defining the cell body with the help of drawing tools and threshold
selection, a new threshold is applied to define the neurites. After noise cleaning, the software forms
concentric rings around the cell bodies and counts the number of intersections on each ring. The
longest neurite was defined as the last ring with at least 1 intersection or an area higher than 1. Also,

the total neurites area was obtained.

3.5 Gene expression analysis by gPCR

After 6 hours of stimulation of ASCs with the different factors, the expression levels of several
genes were analyzed using glyceraldehyde 3-phosphate dehydrogenase (GADPH) and peptidylprolyl
isomerase A (PPIA) as reference genes, by quantitative polymerase chain reaction (qPCR). The genes
analyzed were: VEGF, angiogenin, nerve growth factor (NGF), BDNF, FGF-2 /L-6, chemokine (C-X-C
motif) ligand (CXCL) 1 and CXCLZ. Also, a group in which ASCs did not receive any stimulus was

performed. To achieve this, three steps were needed. The first consisted on the RNA extraction from
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cells, followed by transformation of this RNA on complementary DNA (cDNA). Then, with specific
primers, the genes of interest were amplified and quantified using a double-strand DNA binding
fluorescent dye. Furthermore, to have a good yield of RNA, the ASCs on this experiment were plated on

a 6-well plate with 100 000 cells/well (around 10 000 cells/cm?) for 72 hours before being stimulated.

3.5.1 RNA extraction

After 6 hours of incubation with the inflammatory molecules, ASCs were treated with TripleXTractor
(Grisp) (100 pL/cm?) in each well to lyse the cells and extract their intracellular contents. After 5
minutes with TripleXtractor at room temperature, the samples were frozen at -80°C for later use. ASCs
culture without stimulation was used as control.

Following manufacturer guidelines, after thawing the extracts, 200 uL/ml of chloroform (Carlo
Erba) was added followed by fast mixing with incubation of 2-3 minutes before centrifuging. This allows
for phase separation with the RNA being bound on the upper agueous phase. After careful removal of
this upper phase, in order to promote RNA precipitation, isopropanol (Sigma) (same volume as
TripleXtractor) was added and kept for 10 minutes at room temperature before being centrifugated
again for 10 minutes. Then, the supernatant was removed and the pellet was washed with ethanol 70%
(v/v) to remove any impurities. After another centrifugation step, the RNA pellet was obtained and

resuspended in 10 ul of GRS PCR Grade Water (Grisp). RNA was conserved at -80° for further use.

3.5.2 cDNA synthesis
On the day of cDNA synthesis, RNA was thawed and quantified using NanoDrop 1000

spectrophotometer (Thermofisher Scientific). Then, 500 ng of each sample was used to obtain the
respective cDNA. This step was carried using Xpert cDNA synthesis Supermix (with gDNA eraser)
(Grisp), according to manufacturer instructions. With this mix, any remains of DNA in the sample are
eliminated before the reverse transcription step. The heating program advised by the manufacturer was
carried out in the T100 Thermal Cycler (Biorad). After the protocol, the samples were diluted in 1:1 to

increase the amount of cDNA available for qPCR.

3.5.3 qPCR

In order to amplify the cDNA and quantify it in real-time, Xpert Fast SYBR blue mastermix (Grisp),
with ROX reference dye, was used. After blending this mastermix with the respective primers and

adequate amount of PCR Grade Water, 19 L were pipetted into each well of the PCR plate (Nerbe
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Plus), followed by the addition of 1 pL of the corresponding cDNA. The amplification was done by
heating to 95°C for 2 minutes (to activate the enzyme and denature the cDNA), succeeded by 40
cycles of 95°C during 5 seconds and 30 seconds at 60°C for annealing/extension and DNA detection.
The expression levels of the target genes were normalized against the reference genes (GADPH
and PPIA). Data was presented as fold-change in comparison to unstimulated ASCs, calculated using
the 244« method. Primers were designed using the Primer-BLAST tool from NCBI website, getting the

sequences described in Table 2.

Table 2: Primer sequences of the genes analyzed by gPCR.

Gene Forward sequence (5'— 3’) Reverse sequence (5’ —3')
GADPH ACATCAAGAAGGTGGTGAAGCAGG ~ AGCTTGACAAAGTGGTCGTTGAGG
PPIA GTCAACCCCACCGTGTTCTT CTGCTGTCTTTGGGACCTTGT
VEGF TGTGTGCCCCTGATGCGATG CTTGCTCTATCTTTCTTTGGTCTGC
Angiogenin CGACCAGTGTCAAGACCAAGT GAGAGCAGATGGCGGGAAA
NGF GGCATACAGGCGGAACCACA CGAAGGGCAGTGTCAAGGGA
BDNF ACAGCACACTACTGACACTGAT GGTGGAACTGTAGGGAGAAAGCA
FGF-2 CAAGCAGAAGAGAGAGGAGTTGT CTCATCCGTAACACATTTAGAAGC
IL-6 CCACACAGACAGACAGCCACTCACCT ~ TTTCACCAGGCAAGTCTCCTCAT
CXCL-1 CCCAAACCGAAGTCATAGCCA CAGGAACAGCCACCAGTGAG
CXCL-2 ATGTGACGGCAGGGAAATGT GCTCTAACACAGAGGGAAACAC

3.6 Statistical analysis

All statistical analysis was done with SPSS version 25 (IBM). Before applying any test, normal
distribution was evaluated through histogram visualization, skewness and kurtosis analysis, and
Shapiro-Wilk test for normality distribution. If the samples followed a normal distribution, Levene's test
was used to test homogeneity of variances. Two-way ANOVA was used to analyze the number of neurite
intersections, but only comparisons between groups for each distance were presented. One-way ANOVA
was used in all other experiments, with the correction of Welch when Levene's test null hypothesis was
rejected. For post-hoc tests, Tukey test was considered for normal data with homogeneity of variances
and Games-Howell test when there was no variance homogeneity. For non-parametric data, Kruskal-

Wallis test was used with Dunn pairwise tests with Bonferroni correction.
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Appropriate effect sizes for each test were calculated (ANOVA and Kruskal-Wallis: eta-square (n?);
Welch’'s ANOVA: omega-square (w?); Tukey and Games-Howell post-hoc: Cohen’s d (d) and Dunn post-

hoc: r).

All samples were expressed as mean + standard deviation (SD) unless stated otherwise. Statistical

significance was considered if p-value (p) < 0.05. All tests were performed with 95 % confidence

interval.
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4. Results
4.1 HUVECSs extraction

As the first objective of the present work was to develop a model to study the vascular
morphogenesis process and how ASCs could influence this process, there was a need to implement a
culture of endothelial cells. For that, HUVECs were chosen. After following the protocol described in
Section 3.2, cells were photographed 1 day, 4 days and 7 days after the extraction. It was possible to
observe that these cells proliferated well, acquiring a cobblestone shape, reaching confluence within a
week (Figures 11A-C). Moreover, they survived the trypsinization protocol and were able to proliferate

and reach confluency (Figures 11D-E).

In . S &
Figure 11: HUVECs culture. (A-C) Morphology of HUVECs 1 day, 4 days and 7 days after the extraction, respectively.(D-E) Morphology of
HUVECs 1 day and 5 days after trypsinization protocol. Scale bar: 100 um.

To test the purity of the extraction protocol, these were stained for an endothelial cell marker, VWF,

in which 95.20 % (SD=0.04) of total cells (counted by DAPI) were VWF positive (Figure 12).
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Figure 12: Immunocytochemistry assay for HUVECs culture at P2. (A) HUVECs were stained for VWF (red) and DAPI (Blue). Scale bar: 50
um. (B) Quantification of VWF+ among DAPI+ cells, indicating high purity of VWF+ cells (95.20 + 0.04 %). Mean + SD. N=4.

4.2 Co-culture medium testing

The next step was to understand in which cell culture medium the co-cultures would occur. For
that, ASCs were cultured on their normal medium (Figure 13A) and also in complete EGM (Figure 13B).
Also, HUVECs were cultured with the same media (Figures 13C and 13D, respectively) plus one more
group in which EGS was added to ASCs media (Figure 13E). Both experiments were done for 7 days,
after which, phalloidin and DAPI staining was performed. It was observed that ASCs growth and
morphology was not affected by cell culture media. Moreover, HUVECs could also grow in both cell

culture medium that has EGS present.

ASCs medium Complete EGM

ASCs

AScs medium + EGS

HUVECs

A-B-
C-D-E

Figure 13: Co-culture medium testing. (A, B) ASCs were cultured in their medium and also in complete EGM, for 7 days, and then stained
with phalloidin (red) and DAPI (blue). (C-E) HUVECs were cultured in the same conditions and then in ASCs medium with the endothelial
growth supplement (EGS). Scale bar: 200 pm.
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4.3 Effect of inflammatory mediators on ASCs

ASCs were stimulated with different inflammatory mediators to understand how these molecules
could influence the regenerative potential of ASCs. However, it was necessary to understand if these
molecules could elicit cytotoxicity. For that, ASCs were stimulated with pro-inflammatory mediators
(LPS+IFN-y) or with an anti-inflammatory mediator (IL-10) for 24 hours on concentrations that have
previously demonstrated to be able to modulate immune cells phenotype, namely macrophages (Kigerl
et al, 2009; Makita et a/., 2015; Mantovani ef a/,, 2004). After phalloidin and DAPI staining, no visible
differences were observed in ASCs morphology between treated and untreated ASCs at 24 hours
(Figures 14A-C). Moreover, even after removing the stimulus and let cells grow for 3 days, no

differences were found and cells seem to proliferate well (Figures 14D-F).

24 hours 24 hours stimulus + 3 days

A D
ASCs

B E
ASCs

(LPS+IFN-y)

C F
ASCs
(IL-10)

Figure 14: Effect of inflammatory mediators on ASCs morphology. (A-C) ASCs were stimulated with pro-inflammatory (LPS+IFN-y) or anti-
inflammatory (IL-10) molecules for 24 hours and then stained for phalloidin (red) and DAPI (blue). (D-F) Also, after stimulus removal, cells
were let to grow for 3 days before being fixed and stained with the same markers. Scale bar: 200 um.

4.4 Vascular morphogenesis assay

To study the vascularization process, namely vascular morphogenesis, it was necessary to
implement a model that was suitable for this purpose, while simultaneously being able to be used
within the paracrine and non-paracrine mechanisms pursued in the scope of this thesis. It is described
that HUVECs assemble into vessel-like structures when plated on a gel that mimics the ECM (Goodwin,
2007; Staton ef a/, 2009). With this in mind, several optimization steps were undertaken to achieve a

model that fulfilled these criteria. The initial idea consisted in using collagen type | as a matrix. Several
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different parameters were tested namely cell density, gel concentration, the presence of angiogenic
factors, and encapsulation or not of HUVECs. However, none could elicit a robust formation of vessel-
like structures, even when spanning the experiment to 7 days. Therefore, the ECM gel was switched
from collagen to matrigel. With this matrix, using a cell density of 20 000 cells/cm?, vessels-like
structures were observed after 16 hours. After staining, several parameters were analyzed. All
parameters were normalized to the explant area except for average vessel length. This was done to
correct the degree of cell spreading as well as cut parts of the borders of the image due to technical

limitations.

4.4.1 Indirect co-culture of HUVECs and ASCs

To understand how the paracrine crosstalk between ASCs and HUVECs could influence HUVECs
ability to form vessels, the setup described in Section 3.3.1 was used. It was possible to observe the
formation of vessel like-structures at 16 hours (Figure 15). No statistical differences were found in the
percentage of vessel area, junction density, and average vessel length (Figure 16) (Table 1A). Regarding
explant area, ASCs (LPS+IFN-y) presented higher values when compared to control (p=0.033,
r=0.693). However, when analyzing total vessel length and number of endpoints, unstimulated ASCs
have statistically higher values than the control group. (p=0.028, d=2.043 and p=0.010, d=2.371); but
this effect was not seen with inflammatory stimulation (Figure 16) (Tables 1A and 2A). This data
indicates that, under paracrine crosstalk, ASCs without any stimulation seem to induce more vessel like-

structures but without any major alterations on average vessel length and interconnectivity.
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Figure 15; Indirect contact impact on vascular morphogenesis. (A-D) Representative images of the vessel-like structures formed by
HUVECs when in indirect contact with no cells, with unstimulated ASCs, ASCs preconditioned with LPS+IFN-y or with ASCs preconditioned
with IL-10, respectively. HUVECs were stained with phalloidin (red). Scale bar: 200 um.

Explant area
A 5_ I * I
— 41
ey
=
£ 2
=
g
0_
& & ) &
< & & &
& o
S Ky
b
D Total vessel length
£ H—
=
2
=
ERL
=
E
E
E 5
£
=z
S
3
£ 0
- & 5 Y &
A o
U YE’QJ {5‘( \\\;\
& »
‘gg &

m

Vessel area (%)
{relative to explant areal

Average vessel length (mm}

10+

0.0-=

Junction density

Vessel area (%)
S E
EE 107
£z
H :; 5
o
& ; A
véf @f-\ \\;\9\ < Yél . x@x . \\\,,x
N ]
3%"‘ @d" & &
o P
5 Ao
YE?
Average vessel length F Mumber of Endpoints
80— I * I
o E
E I 60
i=
- o
(-1
£z 40+
=
2E
EW
2E
3
£
L
& h & & e b oy
o Y
& & ¢ R A SRR
& 5 o
S . &
® &

Figure 16: Vascular morphogenesis parameters on indirect co-cultures. After the staining of HUVECs, several parameters related to the
vascular organization were analyzed on AngioTool Software. All data except average vessel length was normalized to explant area. Data
presented as mean + SD except for explant area which is represented as median + interquartile range. N=3-4 per group. (A) Kruskal-Wallis
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with Dunn pairwise test with Bonferroni correction. (B) Welch’s ANOVA. (C, E) One-way ANOVA. (D, F) One-way ANOVA with Tukey post-hoc
test *p<0.05.

4.4.2 Secretome effect on vascular morphogenesis

Regarding the secretome impact on vascular morphogenesis, it was also possible to observe the
formation of blood vessels (Figure 17). However, it should be noticed that secretome without EGS
added did not elicit vessel-ike structures formation. No statistical differences were found between
groups on explant area (Figure 18, Table 3A). In contrast to the indirect co-culture, the secretome of
ASCs (LPS+IFN-y) presented higher total vessel length (compared to ASCs (IL-10) (p=0.049, d=2.338)
as well as higher average vessel length (compared to unstimulated ASCs (p=0.013, d=2.822) and ASCs
(IL-10) (p=0.006, d=3.110)) (Table 4A). This was accompanied by a higher degree of interconnection
observed by the increased junction density in this group (compared to ASCs (IL-10) (p=0.033,
d=2.733). It should be noted that although no statistical differences were found between the secretome
of unstimulated ASCs and ASCs (LPS+IFN-y) regarding junction density these p-values are near the limit
the statistical significance, with a high effect size similar to the groups where statistically significant
differences were found (p=0.053, d=2.737). The same was observed for average vessel length when
comparing ASCs (LPS+IFN-y) and control (p=0.053, d=2.016). This data reinforces the idea that the
secretome of ASCs stimulated with the pro-inflammatory mediators could promote a higher degree of

vascular morphogenesis either at length and complexity.
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ASCs

ASCs (LPS + IFN-y) (ASCs IL-10)

Figure 17: Secretome impact on vascular morphogenesis. (A-D) Representative images of the vessel-like structures formed by HUVECs
when cultured with medium used for secretome collection, with Secretome of ASCs, with the secretome of ASCs preconditioned with
LPS+IFN-y or with the secretome of ASCs preconditioned with IL-10, respectively. HUVECs were stained with phalloidin (red). Scale bar:
200 pm.
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Figure 18: Vascular morphogenesis parameters in secretome cultures. After the staining of HUVECs, several parameters related to the
vascular organization were analyzed on AngioTool Software. All data except average vessel length were normalized to explant area. Data
presented as mean + SD. N=3 per group. One-way ANOVA with Tukey post-hoc test. *p<0.05.**p<0.01.
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4.4.3 Cell contact co-culture of ASCs and HUVECs

Concerning the experimental setup used to study how ASCs could modulate the vascularization
process in a close contact approach, it was not possible to observe a robust blood vessel formation with
the majority of cells acquiring a round appearance and not elongating (Figure 19). Nonetheless,
analysis of the different parameters revealed that ASCs (IL-10) presented significant higher vessel area
and junction density (compared to control (p=0.030, d=2.922 and p=0.022, d=5.974) and to
unstimulated ASCs (p=0.037, d=2.523 and p=0.002, d=5.768) (Figure 20) (Tables 5A and 6A). This
effect was also observed in the number of endpoints where this group presented more endpoints than
the control group (p=0.009, d=4.694). In contrast, all group with cells have less average vessel length
than the group without cells (Ctr vs ASCs: p=0.011, d=3.958; Ctr vs. ASCs (LPS+IFN-y): p=0.019,
d=2.646; Ctr vs ASCs (IL-10): p=0.024, d=2.839) (Figure 20) (Tables 5A and 6A). However, these
results should be looked at with caution when taking conclusions as no robust vessel formation was

observed in all groups.

CTR ASCs

ASCs (LPS + IFN-y) (ASCs IL-10)

Figure 19: Direct contact impact on vascular morphogenesis. (A-D) Representative images of the vessel-ike structures formed by HUVECs
when in direct contact with no cells, with unstimulated ASCs, ASCs preconditioned with LPS+IFN-y or with ASCs preconditioned with IL-10,
respectively. HUVECs were stained with VWF (green). Scale bar: 200 um.
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Figure 20: Vascular morphogenesis parameters on direct contact co-cultures. After the staining of HUVECs, several parameters related to
the vascular organization were analyzed on AngioTool Software. All data except average vessel length was normalized to explant area. Data
presented as mean + SD. N=3-4 per group. (A, B, D, E, F) One-way ANOVA with Tukey post-hoc test. (C) Welch’s ANOVA with Games-
Howell post-hoc. *p<0.05. **p<0.01.

4.5 Neurite Outgrowth assay

To study how the ability of ASCs to promote neurite growth was influenced by the different
inflammatory factors, a DRG model was used as DRG produce neurites under specific conditions that
can be compared between different treatments. In all groups, the neurite area, the longest neurite and

the arborization pattern were evaluated.

4.5.1 Paracrine crosstalk impact on neurite outgrowth

To understand how the different inflammatory molecules used could influence ASCs ability to
induce neurite outgrowth, a droplet of collagen with the DRG was put on top of ASCs that were
previously stimulated. Although it was possible to observe neurite outgrowth with this setup, no

differences were found in any parameter evaluated (Figures 21, 22 and 23) (Tables 7A and 8A).
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ASCs (LPS + IFN-y) (ASCs IL-10)

Figure 21: Indirect contact impact on neurite outgrowth. DRG explants were used as a model to assess neurite outgrowth. (A-D)
Representative images of the DRG stained with neurofilament (green) and DAPI (blue) when in indirect co-cultures with no cells, with
unstimulated ASCs, ASCs preconditioned with LPS+IFN-y or with ASCs preconditioned with IL-10, respectively. Scale bar: 200 pum.
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Figure 22: Neurite outgrowth analysis after indirect co-culture. (A-B) Neurite area and longest neurite quantified using the NeuriteJ plugin
of ImageJ. Data represented from two independent experiments with N=8-9 from each group/experiment. Mean + SD. One-way ANOVA.
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Figure 23: DRG neurite complexity in indirect co-culture. Using the NeuriteJ plugin, concentric rings were created around the cell body and
the number of neurite intersections at each 100 um was acquired. Data presented as means values from two independent experiments
with N=8-9 from each group/experiment. Two-way ANOVA.

4.5.2 Secretome effect on neurite outgrowth

Using the same model as previously described, the effect of ASCs secretome on neurite outgrowth
was assessed (Figure 24). No DRG from the control group was able to grow. Due to this, no statistical
test was able to be performed taking this group into account. Therefore, it is possible to observe that
the secretome of ASCs could promote neurite growth, in contrast to control. However, this growth was

less than in indirect contact (Figures 25 and 26, Tables 9A and 10A).
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Figure 24: Secretome impact on neurite outgrowth. (A-D) Representative images of the DRG stained with neurofilament (green) and DAPI
(blue) when cultured with medium used for secretome collection, with secretome of ASCs, with the secretome of ASCs preconditioned with
LPS+IFN-y or with the secretome of ASCs preconditioned with IL-10, respectively. Scale bar: 200 pum.
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Figure 25: Neurite outgrowth analysis after secretome cultures. (A-B) Neurite area and longest neurite quantified using the NeuriteJ plugin
of ImageJ. Data represented from two independent experiments with N=3-5 from each group/experiment. Mean + SD. One-way ANOVA.

54



Number of intersections

30—
-~ (tr

£ ASCs
g 20 e~ ASCs (LPS+IFN-y)
Lh]
£ ~e- ASCs (IL-10)
5
210
=
=

0

0 500 1000 1500

Distance from cell body (um)

Figure 26; DRG neurite complexity in secretome cultures. Using the NeuriteJ plugin, concentric rings were created around the cell body
and the number of neurite intersections at each 100 um was acquired. Data presented as means values from two independent
experiments with N=3-5 from each group/experiment.

4.5.3 Direct contact between DRG and ASCs

The final parameter to be evaluated on DRGs was if the direct contact could elicit the same type of
response when compared to the paracrine experiments. It was observed that the control group did not
elicit any growth and therefore all values were considered zero and no statistical test was performed
considering this group. Furthermore, no differences were found between groups on the two parameters
evaluated. However, this setup presented the higher mean values of neurite growth when compared to

the paracrine experiments (Figures 27, 28 and 29 Tables 11A and 12A).
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Figure 27: Direct co-culture impact on neurite outgrowth. (A-D) Representative images of the DRG stained with neurofilament (green),
phalloidin (red) and DAPI (blue) when cultured in direct co-cultures with no cells, with unstimulated ASCs, ASCs preconditioned with
LPS+IFN-y or with ASCs preconditioned with IL-10, respectively. Scale bar: 200 pm.
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Figure 28: Neurite outgrowth analysis after direct co-culture. (A-B) Neurite area and longest neurite were quantified using the Neurite
plugin of ImageJ. N=4 for the control group and N=6-9 for other groups. Mean + SD. Welch’'s ANOVA.
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Figure 29: DRG neurite complexity in direct co-culture. Using the NeuriteJ plugin, concentric rings were created around the cell body and

the number of neurite intersections at each 100 um was acquired. Data presented as means values. N=4 for the control group and N=6-9
for other groups. Two-way ANOVA.

4.6 Gene expression analysis after inflammatory stimulation

To further explore some possible mechanisms behind the biological responses observed, the
expression levels of several genes were assessed by qPCR. 6 hours after stimulating the ASCs with
LPS+IFN-y or IL-10, mRNA levels were measured to different genes associated with vascularization,
neurite growth, and immune response (Table 2). The reference genes were similar across groups as no
differences between the cycle of quantification were observed.

Taking this account, the fold difference normalized to the reference genes and to control groups
was plotted for the different genes (Figure 30). No differences were found between groups on BDNF,
FGF-2, CXCL1, and CXCL2 expression levels. On the other side, VEGF was significantly augmented in
the ASCs (LPS+IFN-y) comparing to the unstimulated group (p=0.047, d=3.250) (Tables 13A and 14A).
However, angiogenin expression was significantly decreased compared to ASCs (IL-10) (p=0.044,
d=2.144) (and with a near significant p-value and high effect size against the unstimulated group
(p=0.054, d=3.412). Moreover, NGF expression was significantly diminished in ASCs (LPS+IFN-y)
compared to the unstimulated ASCs (p=0.022, d=0.303) and ASCs (IL-10) (p=0.010, d=0.206), albeit
with small effect sizes. Finally, IL-6 expression was augmented in this group compared to unstimulated
ASCs (p=.008, d=6.519) and ASCs (IL-10) (p=0.005, d=3.106). Overall, pre-conditioning with the
different inflammatory mediators led to specific alterations in gene expression related to processes

studied, with the group ASCs (LPS+IFN-y) being the most affected.
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Figure 30: Gene expression analysis. After 6 hours of incubation with the inflammatory molecules, RNA from ASCs was collected and gene
expression analysis was performed by qPCR, for several different genes. All data is normalized to two reference genes and presented as
fold difference expression related to unstimulated ASCs and presented as mean + SD. n=3-4 per group (A) Welch’s ANOVA with Games-
Howell post-hoc test. (B, C, F) One-way ANOVA with Tukey post-hoc test. (D, E, G, H) One-way ANOVA.
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5. Discussion

SCl is a devastating condition, with several biochemical processes contributing negatively to the
progression of the injury, to which there is not an effective treatment available. One major aspect of the
injury pathophysiology that has not been fully addressed is the vascular dysfunction that occurs after
injury. Indeed, some reports showed the contribution of endothelial cells to the limited recovery
observed after SCI either at a major vascular level or by alterations at a cellular and molecular level
(Benton & Hagg, 2011; Figley ef al., 2014; Mataliotakis & Tsirikos, 2016; Popa et a/., 2010).

The damage of neuronal cells plays a key role on the loss of function seen after SCI, and for that
reason, has been the focus of research for novel therapies. However, in order to accomplish a
successful treatment, research should also take into consideration the complexity of SCI and tackle
other issues that may hinder the outcome observed, such as endothelial cells and the biological
processes where they participate.

Several therapeutic approaches are being developed in order to treat the injured spinal cord, being
one of the most promising the use of either stem cells or the molecules secreted by them (Gomes et
al., 2020; Kabu et a/, 2015; Mothe & Tator, 2012; Silva et al., 2014; Vismara et al., 2017). In our
group, ASCs and their secretome have shown promising results in SCI and have been positively
associated with processes associated with vascularization, immunomodulation, neurodifferentiation,
and nerve repair. (Assuncao-Silva et a/, 2018; Gomes et a/,, 2016, 2018; Pinho, 2019; Pires et al,
2016; Rocha et al,, 2020a; Serra et al, 2018).

However, a fully effective response was not yet developed and this may be due to non-optimal
procedures applied to these cells. Despite that our group and others are already searching for new ways
to improve their therapeutic potential, such as the use of bioreactors or genetic engineering, further
work needs to be performed to achieve a satisfactory response (Mendes-Pinheiro et al, 2020; Teixeira
et al., 2016a; Teixeira & Salgado, 2020; Vizoso et al., 2017). One possible strategy to improve cell and
secretome therapies is by pre-conditioning stem cells with molecular stimuli. Within these, inflammatory
factors are particularly interesting as these cells are known to respond to inflammation, and modulate
its behavior according to it (Bernardo & Fibbe, 2013; Li & Hua, 2017; Shi et a/, 2012). However, the
major focus of inflammatory preconditioning has been on improving the immunomodulatory profile of
stem cells. Therefore, there was a need to understand what these stimuli would do to the ASCs
regenerative capacities at the neural and vascular levels. Moreover, as the most effective strategy for
SCI between cells or secretome is not yet defined, it is also important to understand if the inflammatory

molecules affect in the same way the paracrine and non-paracrine mechanisms of ASCs.
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For these reasons, in this work, we aimed to understand how pro and anti-inflammatory stimuli
influenced ASCs ability to induce vascularization and neurite outgrowth, as these two parameters are
essential for a successful SCI therapy.

To achieve these aims we first set out to establish an /n vifro system that could be used as a
means to evaluate the vascularization process. The first step on that was to have a culture of
endothelial cells. Although many endothelial cells are now available for research use, HUVECs are still
one of the most used when assessing vascularization due to their easy extraction, maintenance, and
available know-how. Therefore, we aimed to establish a culture of HUVECs in our group. For that,
umbilical cords from consenting donors from Hospital de Braga were used for the extraction of these
cells. It was observed that within a week these cells acquired confluence and cobblestone morphology.
Moreover, they could survive and proliferate well after the trypsinization protocol (Figure 11). However,
these cells should not be used in high passages as their ability to perform vessel-like structures is
diminished (Xie et a/., 2016). For this reason, HUVECs were only used until P4. Using VWF, a protein
important for the adhesion of platelets to the blood vessels, as a marker to characterize our culture, it
was observed an HUVECs purity of around 95 % (Figure 12). Although this represents almost 100 %,
there are about 5 % of cells that do not express this marker. This small impurity could be explained
using two reasons. The first one is that there is a contamination of other cells in this culture and
therefore it would be interesting to understand if this percentage is maintained along passages as well
as to do other stainings for possible contaminant cells. The second reason goes with the know-how
acquired through the development of single-cell sequencing where it has been shown that within a given
population, the expression of a given gene may be heterogeneous. Thus, it is possible that some
endothelial cells may not express this marker and other markers are needed to be assessed as well as
other techniques (e.g flow cytometry) to give a more robust characterization of this population.

After this culture was established, the next step consisted of the development of an assay that
allowed the study of the paracrine and non-paracrine interaction of primed ASCs on vascularization. The
formation of new vessels comprises a complex process that can occur in mainly two ways:
vasculogenesis and angiogenesis. The first, mainly present during embryonic development, consists in
the differentiation of angioblasts into endothelial cells, followed by their aggregation and generation of a
vascular structure (Kolte ef a/, 2016; Naito ef al, 2020). On the other hand, angiogenesis is the
formation of new blood vessels from pre-existing ones, being the most common process of
vascularization in the adult. It has several stages that can be divided into matrix degradation, migration,

proliferation, sprouting, morphogenesis, and vessel maturation, with several techniques already
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described to study these functions. (Goodwin, 2007; Kolte et a/, 2016). One of the most common is
the use of endothelial cells on top of an ECM like collagen or matrigel (Arnaoutova & Kleinman, 2010;
Staton et a/,, 2009). With this setup, endothelial cells are able to form vessel-like structures within a
short period of time, allowing for the study of vascular morphogenesis. As in SCI, an angiogenic
response is observed in the first week, it is important to understand how ASCs could influence the
vessel organization of these cells. As collagen gels were already established in the group, the first
experiments consisted on using these gels. Several different variables were tested, namely: cell density,
gel concentration, presence of angiogenic factors, and encapsulation of HUVECs, but none could elicit a
robust formation of vessellike structures even in longer experiments. Several factors may have
contributed to this. For instance, the collagen gels that were used derive from rat and this may cause
some incompatibility with human cells. Additionally, in these experiments type | collagen was used,
where it has been described that type IV and V collagens induce more vessel formation since they are
present in the basement membrane while type | collagen is more interstitial (Staton et a/,, 2009). To
overcome this technical problem collagen gels were subsequently changed to matrigel. The latter is
obtained by using the secreted molecules of mouse sarcoma cells being mainly constituted by laminin,
collagen type IV, plasminogen activator and other growth factors secreted by these tumor cells. With
this matrix, HUVECs formed vessels within 16 hours. Although no studies longer than 16 hours were
performed in the present work, some reports indicate that vessels start to degrade after 18-24 hours
(DeCicco-Skinner et al., 2014). This is indicative that the vascularization process is indeed complex and
a branching and organization stimulus is not sufficient to maintain vessels. In fact, some authors
demonstrated that ASCs promoted longer periods of vessel maintenance (Pill ef a/, 2018).

As the main goal was to conduct co-culture experiments with ASCs, it was necessary to understand
which cell culture medium could be applied as ASCs and HUVECs grow in different media. For this
reason, each cell type was tested in both media in the same conditions, with an additional group for
HUVECs with ASCs medium plus the endothelial supplement (Figure 13). It was observed that ASCs
proliferated well in both media but HUVECs only seem well when EGS was present. However, to have
the most basal medium possible, when in co-culture with ASCs, EGS was removed. It was observed that
HUVECs were able to form vessels even in ASCs medium without EGS when in co-culture with ASCs.
This indicates that ASCs also secrete factors that influence HUVECs proliferation and survival. However,
as the control group without ASCs also shown some degree of vascularization (although small as cells
tended to be more rounded shape), the matrigel alone may be also contributing to better survival of

HUVECs.
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After selecting the medium for the co-cultures, it was necessary to focus on the main goal, that is
to understand if different inflammatory molecules influence ASCs regenerative capacity. For this
purpose LPS+IFN-y and IL-10 were used as stimuli for the pro-inflammatory and anti-inflammatory
stimulus, respectively, as it has been reported that these molecules can lead to the respective
phenotype alterations on immune cells (Kigerl ef a/., 2009; Mantovani ef a/., 2004) As shown in Figure
14 the stimulus did not elicit any visible change in ASCs morphology and number. Even when the
stimulus was removed for 3 days, no changes in cell behavior was observed. Nonetheless, it would be
interesting to do a deeper characterization of these stimulations regarding cell viability, proliferation,
and even differentiation.

After all these necessary preliminary experiments the objectives of this work could begin to be
answered. Using a transwell system, ASCs were plated on the bottom and stimulated for 24 hours.
Then, HUVECs on matrigel were placed on the insert. In this way, a porous membrane was separating
HUVECs and ASCs allowing changes between secreted factors. 16 hours later, cells were fixed and it
was observed that vessel-like structures had been formed (Figure 15). Using AngioTool Software, it was
possible to analyze this interconnected system by analyzing different parameters. The explant area gave
the area in which the vessels were spread and was useful to give a normalization parameter as not all
the groups had the same individual values of this area. Vessel area, vessel length and average vessel
length gave information regarding the number of vessels that were formed as well as their length.
However, this data needed to be normalized to explant area as higher explant area tend to have higher
vessel area and length which difficult the interpretation of the results. The average vessel length was
maintained as it is not expected to vary drastically with higher explant areas. Regarding the system
interconnectivity, the number of junctions was also analyzed, i.e., the number of connections between
different vessels, that when normalized to explant area could be interpreted as junction density and a
measure of interconnectivity. On the other side, it was also analyzed the number of endpoints, meaning
the number of points that do not connect to other vessels, which is also useful to understand the
degree of complexity of the system.

So, regarding the paracrine system developed, in the control group without ASCs, HUVECs tended
to be round-shaped with few elongations In contrast, when co-cultured with ASCs, HUVECs formed
vessel-like structures (Figure 15). This resulted in higher mean values in all the parameters analyzed
compared to control but with only statistical differences in total vessel length and number of endpoints
between control and unstimulated ASCs (Figure 16). This indicates that unstimulated ASCs are able to

form more vessels but with an average size equal to other groups and also with the same degree of
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connections. This may suggest that the pre-conditioning with inflammatory mediators affected the
paracrine crosstalk between HUVECs and ASCs. As the molecular pathways that are altered in this
crosstalk are not fully elucidated, it would be interesting to measure the levels of different angiogenic-
related molecules present in the cell culture media after the assay. Additionally, gene expression levels
of these molecules and their receptors could be evaluated in further experiments to dissect the
crosstalk between these cells.

With this same setup, the effect of the secretome of the different stimulated and unstimulated
ASCs was evaluated. Once again, it was possible to observe vessel-like structures after 16 hours (Figure
17). This goes along with some reports that show the angiogenic paracrine proprieties of ASCs
(Bernardini et al,, 2019; Estrada et al, 2009; Verseijden et al, 2010). However, in this secretome
experiments, HUVECS were not able to form vessels in the absence of EGS, showing that matrigel is not
enough to promote the survival and organization of these cells. Therefore, the supplement was added to
the secretome and the control group. Nonetheless, with this experiment, the ASCs stimulated with the
pro-inflammatory stimulus were able to induce more vessel length, with a higher average length of each
vessel (Figure 18). Additionally, this group was also able to induce the highest degree of
interconnectivity. This goes accordingly with the few reports that evaluate pre-conditioning with pro-
inflammatory stimulus effect on secreted angiogenic molecules (Bernardini ef a/, 2019; de Moraes et
al., 2017; Kwon et al., 2013). In fact, the secretome may be the most affected by the pre-conditioning
as ASCs only respond to these stimuli and not by factors secreted by HUVECs, as in the previous assay.
Several reports are showing that these cells when sensing a pro-inflammatory environment, for
instance, in an injury, change their phenotype and secretory profile to help in resolving inflammation
(Bernardo & Fibbe, 2013; Maldonado-Lasuncioén et a/., 2018). As the formation of new vessels is part of
the repair process and ASCs have been linked to the angiogenic process, it is not surprising that the
angiogenic potential of these cells is enhanced when in contact with LPS and IFN-y. Additionally, this
data indicates that the molecules secreted by these cells have a direct impact on the vascularization
process and do not act through external mechanisms like the recruitment of other cells. Also, it is
important to note that transplanted cells into an actual SCI will respond to the different stimuli present
at the injury site and that the local inflammatory milieu is more complex than this /n vifro setting. Still,
this data suggests that ASCs are able to respond to inflammatory stimulus which can induce a higher
degree of reparative functions. However, one should take in consideration that pro-inflammatory
molecules also act on other cells present in the lesion and that the beneficial effects of ASCs might be

diminished when compared to the deleterious effects of other cells. Moreover, it has been described
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that other molecules present in the lesion site, like chondroitin sulphated proteoglycans, diminish MSC
angiogenic and neuro-adhesive paracrine activity (Wood ef a/., 2018).

The direct contact assay with ASCs and HUVECs did not lead to the formation of robust vessel-like
structures (Figure 19). However, these results should be taken with caution as it does not necessarily
mean that cell proximity inhibits vascular morphogenesis (Figure 20). It may be just a technical issue as
a consequence of cell densities inside the matrigel. It is possible that there may be a deficient diffusion
of nutrient and growth factors that may influence HUVECs migration and organization. Besides, no
studies were done to understand if the encapsulated ASCs in matrigel alter their phenotype and lose
some regenerative potential. One fact that corroborates this is the reports showing that the direct
contact between MSCs and endothelial cells can induce vesselike structures (Pill ef a/., 2018). For that
reason, in future experiments, this assay should be optimized, including the use of different cell
densities or by plating ASCs and HUVECs directly on top of the matrigel. For this reason, the differences
obtained in the different parameters on the direct contact assay should not be fully interpreted as one
group promoting more vascular morphogenesis than the other, as no strong vessel-like structures were
observed. In fact, the average vessel length was around 10x times shorter than other assays which
imply even further that this setup was not successful to study vascular morphogenesis.

Taken into account all experiments, the data indicate that ASCs can induce vascular
morphogenesis, at least in a paracrine way. Also, the different inflammatory stimuli impacted ASCs
differently. By looking at the secretome data, it seems that pro-inflammatory stimulation increases the
secretion of the molecules responsible for this vascular organization. On the other hand, this effect was
not seen on the indirect contact assays. This led to believe that while pro-inflammatory molecules may
activate some angiogenic pathways, they also may act on some pathways that affect the
communication with other cells, namely, HUVECs. The specific crosstalk between HUVECs and ASCs
was not assessed in this work, and in the future, it would be interesting to evaluate which are the
predominant molecules and pathways involved in this crosstalk and how the inflammatory molecules
impact this crosstalk, at a molecular level. Regarding IL-10, it seems that it did not alter ASCs behavior
at an angiogenic level. This leads to hypothesize that an anti-inflammatory environment may not cause
an impact in ASCs regenerative ability, which, in turn, makes sense as no strong angiogenic response is
needed in the final stages of the repair phase. Also, the impact of endothelial cells on ASCs was not
evaluated. For instance, Bidarra ef a/. showed that HUVECS were able to increase the proliferation rate
and metabolic activity of BM-MSCs as well as increase their osteogenic differentiation, when in co-

culture (Bidarra et al., 2011). It would be interesting to know if the same conclusion can be drawn with
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the experimental setups here described. On top of that, it is a possibility that HUVECs are also able to
influence ASCs secretory profile altering the regenerative potential of these cells. On the other hand,
endothelial cells are also able to influence the environment present in SCI, for instance, in promoting
inflammation (T. Zhou et a/., 2019). It would be interesting to see if ASCs could modulate this behavior.
Our data goes accordingly with what others have reported, however, all the vascularization assays were
done /n vitro with a defined concentration and time of stimulation. More experiments are needed to fully
comprehend how the injury environment may influence the angiogenic potential of these cells or their
secretome

Finally, another important aspect that needs to be elucidated is to know if ASCs can influence the
barrier function of endothelial cells. It is described that although a strong vessel formation occurs in the
first week after SCI, these vessels lack proper transporter and barrier function (Benton & Hagg, 2011;
Casella et al., 2002; Whetstone et a/, 2003) That could not be addressed here as HUVECs do not
present the phenotype of CNS endothelium. However, there are already described different models to
mimic the BBB /n vitro either by using CNS endothelial cells or by differentiating induced pluripotent
stem cells to CNS endothelial cells, that can be implemented in further experiments (Lippmann ef al.,
2012; Watson et al,, 2013).

To use ASCs in a successful SCI therapy it is also necessary to understand how these cells are
able to modulate the behavior of neuronal cells. For that reason, the second aim of this project was to
evaluate how the ability of ASCs to induce neurite outgrowth is influenced by inflammatory stimuli.
Previous work from our lab showed that both ASCs and their secretome promote neurite outgrowth
(Assuncao-Silva et al,, 2018; Gomes et al,, 2016; Serra et al,, 2018). Herein, using a DRG model, it
was again observed that the secretome or the direct contact of ASCs (stimulated or not) promotes
axonal growth when comparing to control. In fact, none of these controls elicited neurite outgrowth
(Figures 24 and 27). However, the same was not observed using the transwell system where no
differences between control and the other groups were found (Figure 21). Some important notes should
be taken into account when analyzing this. The first one is that this model presents high standard
deviations which is a technical limitation hard to surpass. So, other in vitro models of axonal growth
could be analyzed, for instance, dissociated DRG or motor neuron cultures. Moreover, this goes
accordingly with previous work from Oliveira and colleagues where it was shown that the neurite
outgrowth promoted by collagen gels alone is similar to the neurite outgrowth promoted by ASCs

encapsulated in these gels (Oliveira ef al., 2017). However, when using different matrices the neurite

65



outgrowth was much higher in the group with cells when compared to the gel alone (Gomes et al,
2016; Oliveira et al., 2017). This reveals the importance of the ECM on cell behavior.

As referred above, when using the secretome, it was observed that ASCs promoted neurite growth
while the control did not elicit any type of growth. It should be taken into consideration that the control
group from this assay is different from the control of the indirect co-culture. In the secretome assay, the
media used is just Neurobasal with PenStrep while in the indirect co-culture it has other factors namely
B27, glutamine, and glucose, which are also important for the induction of neurite outgrowth. Taking
this into consideration, the observation that the secretome alone can induce some degree of neurite
outgrowth is remarkable. However, the mean values of the parameters evaluated have a huge decrease
when compared to the mean values of the indirect assay. Once again, this may be due to the media
used in the different cell culture systems and therefore direct comparisons are hard to make. However,
no differences were found between stimulated groups but as these values were low it becomes hard to
detect any strong difference (Figure 25). It would be interesting to repeat this experiment but using the
same medium as the indirect co-culture to see if the secretome can even induce more neurite
outgrowth and, if so, if there is a difference between stimulations.

Finally, the last DRG experiment was done to evaluate how direct contact could affect the neurite
outgrowth of these cells. For that reason, DRG were directly put on top of ASCs. The media used was
the same as indirect co-culture but none of the controls had neurite growth. This happened because
several DRG from the control group were not properly adhered. This indicates that ASCs are a good
subtract for neurites to adhere and grow. Also, with the phalloidin staining, it was possible to observe
some cells with ASCs morphology surrounding the DRG (Figure 27). Furthermore, the direct contact
was able to promote the highest neurite outgrowth of all experimental setups, but no difference between
stimuli was observed (Figure 28).

The data regarding neurite outgrowth obtained with this project suggest that ASCs are able to
induce neurite outgrowth at different levels. Although the indirect and the secretome assays were done
in different cell culture media, both assays could produce neurites, indicating that paracrine
mechanisms are a factor to be considered when evaluating ASCs neurotrophic ability. Still, when in
direct contact with the ASCs, higher values of neurite area, longest neurite, and number of intersections
at lower distances were observed. Taking this into consideration, one may suggest that in the direct
contact cultures, besides the secreted molecules by ASCs that are enough to elicit neurite outgrowth,
cell-contact interactions and matrix deposition may play a role in enhancing the effect already seen in

the paracrine cultures.
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The DRG presented a common arborization pattern between the different assays (Figures 23, 26
and 29). There are a high number of intersections near the cell body that then gradually decreases.
However, the intensity of the arborization was different from assay to assay, going accordingly with the
data from the neurite area and longest neurite.

Unlike the vascularization assays, the inflammatory stimulation did not impact the ability of ASCs
to promote neurite outgrowth. Although this data suggests that inflammatory preconditioning of ASCs do
not seem a viable strategy for inducing axonal growth, some aspects must be considered. Like the
vascularization process, the growth of a new axon is a complex process (Mar et a/., 2014; O'Donnell et
al., 2009). Although the axonal regeneration needed for SCI is not the same as axon elongation in
development, some mechanisms are similar (Mar ef a/, 2014). Indeed, a proper axon growth needs
external stimuli to act as guides to the desired location as well as internal stimuli that provoke a
reparative response. Therefore, inflammatory molecules can be modulating ASCs behavior on these
aspects that are essential for axon growth, but not evaluated here. Another aspect to be taken into
consideration is the fact that if inflammatory mediators really do not influence ASCs neurotrophic
capacity, the use of these cells as a possible therapy for SCI has even more advantages because it may
indicate that the inflammatory environment present in the lesion will not influence their ability to
promote neuronal regeneration. However, it should not be forgotten that the inflammatory milieu in SCI
is more complex than the one here studied.

For the final objective of this work, the aim was to evaluate the molecular changes induced by the
inflammatory mediators on these cells. To do so, 6 hours after stimulation, the RNA of ASCs was
collected and gPCR was performed (Figure 30). Results showed an increase in VEGF expression in the
group stimulated with the pro-inflammatory factors which could partially explain the results from the
secretome assay on vascular morphogenesis. However, angiogenin, another molecule highly associated
with the vascularization process is diminished in this group. Moreover, FGF-2, an angiotrophic molecule,
is not altered between groups. CXCL1 and 2, also known as angiogenic chemokines are also not
altered. On the other end, NGF that has been associated with axon growth is decreased in this group,
while BDNF is not altered. One interesting molecule is IL-6 that has a strong relationship with the
immune system and is mainly associated with a pro-inflammatory response, which is in accordance
with our data that show an increase if this cytokine on ASCs stimulated with pro-inflammatory stimulus.
Also, some reports show that this molecule stimulates angiogenesis and the production of VEGF

(Gopinathan et al., 2015; Huang ef a/., 2004).
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Overall, it seems that these stimulations lead to different genes being differently expressed, even
with them being within the same category. However, all of these gene expression alterations are subtle,
as the assays of vascular morphogenesis and neurite outgrowth were. This indicates that the
inflammatory stimuli are altering the molecular milieu inside ASCs but without major alterations in the
outcomes analyzed. One important characteristic is that cellular pathways are really complex with
several interconnected mechanisms of action. In fact, several of the molecules here analyzed have
other roles than the classical for which they were initially described. For instance, VEGF besides being a
major molecular player in the vascularization process, it has been linked to neuroprotective roles
(Rosenstein et af, 2010). On the other hand, BDNF besides its neurotrophic roles, also promotes
endothelial cell survival (Kermani & Hempstead, 2007). This highlights the complexity of the molecular
system inside the cell and that only expression levels of some classical angiogenic and neurotrophic
genes may not be sufficient to understand what is LPS, IFN-y, and IL-10 altering on ASCs. For that,
protein levels of the genes studied could also be evaluated as well as other genes that may influence
these processes. Another factor that increases the complexity is time. Here, only 6 hours after
stimulation was assessed. However, molecular alterations are dynamic and it would be interesting to
evaluate other timepoints to see the temporal dynamics of gene expression after inflammatory
stimulation.

Overall, it seems that ASCs inflammatory pre-conditioning is leading to some specific molecular
changes that then are most visible in alterations on the vascular potential of these cells, mainly on the
secreted molecules. Nevertheless, ASCs seem to have a positive effect on the vascularization process
as well as on the neurite outgrowth of DRG explants.

For these reasons, the data here produced contributes to the progression of a therapy based on

ASCs and their secretome, despite that more research needs to be performed.
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6. Final remarks

SCI affects several people hindering their life quality. As no effective treatment is yet available there
is a need to develop one. As this injury has several interconnected pathophysiological mechanisms,
therapies should aim to consider them and not just as a neurological problem.

One possible therapeutic approach is the use of ASCs as these cells are connected to several
reparative processes such as angiogenesis, neuroregeneration and immunomodulation. Throughout the
years, several data have shown the positive effects that these cells or their secretome could have on
SCI. However, no sufficient therapeutic response was achieved, and therefore, new ways of improving
these cells must be created.

With this work, the first aimed was to understand how inflammatory pre-conditioning could
influence ASCs ability to influence vessel formation, at a paracrine and non-paracrine level. For that, a
system to evaluate vascular morphogenesis was created. With this setup, it was shown that the
stimulation with pro-inflammatory molecules enhanced the angiogenic potential of the secretome of
these cells. However, it was not sufficient to elicit the same response when ASCs were in indirect
contact with endothelial cells. Also, no robust vessel formation was seen in direct contact settings here
established.

The second aim consisted on understanding if the same molecules could influence ASCs at a
neurotrophic level. None of the stimuli could alter this potential of ASCs. Nevertheless, these stem cells
were able to induce neurite outgrowth, at a paracrine and non-paracrine level.

Finally, trying to understand the molecular players that could be modulated by these inflammatory
stimulations, gPCR was performed on ASCs after 6 hours of stimulation. Although some significant
differences were observed in the gene expression, no clear evidence of a shifted phenotype was
observed which leads to conclude that these molecules act on specific pathways that, at this timepoint,
were not possible to fully understand.

Taking this into consideration, the crosstalk between ASCs, endothelial cells, inflammatory
molecules, and neuronal cells needs to be further explored.

Even so, this project highlights the importance of understanding how ASCs can be modulated to
enhance their regenerative potential. Additionally, it highlights the potential of these cells or their

secretome to be used on a SCI therapy.
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8. Annexes

Table 1A: Statistical analysis of vascular morphogenesis parameters on indirect co-culture.

Parameter Groups Mean + SD Statistical significance
CTR 3.09 + 0.07*
Explant Area ASCs 333+ 1.30° H |:(>3l 5 3-42151
(mm) ASCs (LPS +IFNy) 434 +0.91* 1= 0.438
ASC (IL-10) 3.37 + 1.94
CTR 2.34+2.11
o 61313 F (3, 4.803) = 3.422
S 79+ 3. _
Vessel Area (%) pz_%13113;
ASCs (LPS +IFNy) 6.68 + 0.33 w*=U.
ASC (IL-10) 6.50 + 1.86
CTR 3.73 + 3.40
ASC 13.77 + 6.52 "5 12) = 2632
S 77 £ 6. _
Junction Density pz_ %g?;;
ASCs (LPS +IFNy) 11.90 + 1.46 =0
ASC (IL-10) 12.00 + 6.08
CTR 0.90 + 0.79
Total Vessel Length ASCs 3.45+1.43 F (35 1:2()) 3335'9841
(mm) ASCs (LPS +IFNy) 2.97 +0.20 1= 0.490
ASC (IL-10) 277+ 1.14
CTR 0.01 + 0.09
Average Vessel Length ASCs 0.18 +0.04 F (35 1:2()):221é692
(mm) ASCs (LPS +IFNy) 0.22 + 0.07 1= 0.297
ASC (IL-10) 0.21 + 0.09
CTR 14.52 + 12.65
ASCs 47.90 + 14.74 F(3,12) = 5.061
End Points p=0.017
ASCs (LPS +IFNy) 37.74+9.27 1= 0.559
ASC (IL-10) 20.53 + 8.64
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Table 2A: Multiple comparisons of the vascular morphogenesis parameters on indirect co-culture.

Parameter Groups Multiple comparisons  Statistical significance
Dunn with Bonferroni p=1.000
CTRvs ASCs correction r=0.326
CTR vs ASCs (LPS + Dunn with Bonferroni p=0.033
IFN-y) correction r=0.693
Dunn with Bonferroni p=1.000
Explant Area CTRvs ASCs (IL-10) correction r=0.246
(mm?) ASCs vs ASCs (LPS + Dunn with Bonferroni p=0.494
IFN-y) correction r=0.435
Dunn with Bonferroni p=1.000
ASCs vs ASCs (IL-10) correction r=0.074
ASCs (LPS + IFN-y) vs ~ Dunn with Bonferroni p=0.321
ASCs (IL-10) correction r=0.483
p=0.028
CTR vs ASCs Tukey d=2043
CTR vs ASCs (LPS + Tuk p=0.099
IFN-y) UK d=3.972
p=0.150
Total Vessel Length  C 11t Vs ASCs (IL10) Tukey d=1.837
(mm-) ASCs vs ASCs (LPS + p=0.902
IFN-y) Tukey d = 0.445
p=0.768
ASCs vs ASCs (IL-10) Tukey d = 0.505
ASCs (LPS + IFN-y) vs p=0.992
ASCs (IL-10) Tukey d = 0.250
p=0.010
CTR vs ASCs Tukey d=2371
CTR vs ASCs (LPS + Tuke p=0.097
IFN-y) y d=2.159
CTR vs ASCs (IL-10) Tukey g - (1)' égi
End Points ASCs vs ASCs (LPS + e b = 0.589
IFN-y) y d = 0.801
p=0.356
ASCs vs ASCs (IL-10) Tukey d = 1,090
ASCs (LPS + IFN-y) vs p=0.975
ASCs (IL-10) Tukey d = 0.386
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Table 3A: Statistical analysis of vascular morphogenesis parameters on cultures with secretome.

Parameter Groups Mean + SD Statistical significance
CTR 2.18+£0.41
Explant Area ASCs 2.88+0.15 F (3p, f)o=12é- 6580
(mm) ASCs (LPS +IFNy) 2.86 + 0.26 no= 0.492
ASC (IL-10) 2.71 £0.49
CTR 10.05 +0.79
ASCs 7.27 + 0.64 F(3,8) =2.857
Vessel Area (%) p=0.105
ASCs (LPS +IFNy) 9.84 + 1.90 n= 0517
ASC (IL-10) 7.44 +2.19
CTR 16.48 + 8.80
ASCs 12.92 + 1.79 F(3,8) =5.007
Junction Density p=0.030
ASCs (LPS +IFNy) 30.21 £ 8.76 1= 0.653
ASC (IL-10) 11.11 + 4.69
CTR 4.36 +0.92
Total Vessel Length ASCs 3.59+049 " (3p, f )ozoj,g o
(mm?) ASCs (LPS +IFNy) 551+ 1.08 1= 0.605
ASC (IL-10) 3.27 +0.82
CTR 0.17+£0.04
Average Vessel Length ASCs 0.13+0.02 " (:f), f )O=1E;.é *
(mm) ASCs (LPS +IFNy) 0.29 + 0.08 n=0.774
ASC (IL-10) 0.11 +£0.03
CTR 67.39 + 14.84
ASCs 67.42 + 0.96 F (3,8 =0.284
End Points p=0.836
ASCs (LPS +IFNy) 64.55 + 11.29 1= 0.096
ASC (IL-10) 72.32 +9.28




Table 4A: Multiple comparisons of the vascular morphogenesis parameters on cultures with secretome.

Parameter Groups Multiple comparisons  Statistical significance
CTR vs ASCs Tukey 3 Z 82615
CTR vs ASCs (IL-10) Tukey o 8:;22
Junction Density ASCs vs ASCs (LPS + ey p = 0.053
IFN-y) d=2.737
ASCs vs ASCs (IL-10) Tukey o 82%
s P, poom
CTR vs ASCs Tukey Z i ?ggg
Total Vessel Length ~ C 1 vo ASCs (IL-10) Tukey - ?Zggg
(mm?) ASCs vsIFAl\?i)/)s (LPS + Tukey (pj) z (Z)ggg
ASCs vs ASCs (IL-10) Tukey o 825?
s P, peoo
CTR vs ASCs Tukey o ?;;gg
CTR vs ASCs (LPS + Tukey p=0.053
IFN-y) d=2.016
Average Vessel Length CTRvs ASCs (IL-10) Tukey 3 z ?gg?
(mm) ASCs VS]?SS,)S (LPS + Tukey Z : gg;g
ASCs vs ASCs (IL-10) Tukey (Fj) z 82;2
s e, eooms
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Table 5A: Statistical analysis of vascular morphogenesis parameters on direct co-cultures.

Parameter Groups Mean + SD Statistical significance
CTR 3.03+0.41
Explant Area ASCs 2.19+0.35 F (3p, 3)O=Oi-9898
(mm) ASCs (LPS +IFNy) 2.62 +0.45 no= 0,565
ASC (IL-10) 2.14 +0.28
CTR 6.18+1.15
ASCs 6.53+1.26 F(3,9) =5.245
Vessel Area (%) p=0.023
ASCs (LPS +IFNy) 6.66 + 1.31 1= 0.636
ASC (IL-10) 9.68 + 1.25
CTR 443+ 159
ASCs 6.43 + 1.05 F (3, 4.417) = 24.496
Junction Density p=0.003
ASCs (LPS +IFNy) 8.09 = 3.04 w?= 0.844
ASC (IL-10) 11.70 + 0.67
CTR 2.16 +0.43
Total Vessel Length ASCs 1.91 + 0.35 F (3p, S)O=O37-7197
(mm?) ASCs (LPS +IFNy) 1.94 + 0.42 no= 0516
ASC (IL-10) 2.82 +0.50
CTR 0.047 + 0.005
Average Vessel Length ASCs 0.032 £ 0.003 " (:f), 3 )ozogs 15
(mm) ASCs (LPS +IFNy) 0.032 + 0.006 ne= 0708
ASC (IL-10) 0.033 + 0.005
CTR 91.81 + 8.26
ASCs 122.23 + 23.19 F(3,9)=6.453
End Points p=0.013
ASCs (LPS +IFNy) 125.21 + 34.75 1= 0.683

ASC (IL-10)

177.95 + 24.61
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Table 6A: Multiple comparisons of the vascular morphogenesis parameters on direct co-cultures.

Parameter Groups Multiple comparison Statistical significance
p=0.067
CTR vs ASCs Tukey d = 2240
CTR vs ASCs (LPS + Tuke p =0.560
IFN-y) y d =0.953
p=0.069
TR vs A IL-1 Tuk
Explant Area CTR vs ASCs (IL-10) LKeY d=2.517
(mm?) ASCs vs ASCs (LPS + p=0.480
IFN-y) Tukey d=1.091
p=0.998
ASCs vs ASCs (IL-10) Tukey d=0.158
ASCs (LPS + IFN-y) vs p =0.445
ASCs (IL-10) Tukey d=1272
p=0.982
CTR vs ASCs Tukey d = 0.288
CTR vs ASCs (LPS + Tuke p=0.962
IFN-y) y d = 0.394
CTR vs ASCs (IL-10) Tukey P=0.050
Vessel Area (% d=2.922
essel Area (n ASCs vs ASCs (LPS + Tk p = 0.999
IFN-y) y d=0.106
p=0.037
ASCs vs ASCs (IL-10) Tukey d =253
ASCs (LPS + IFN-y) vs p=0.062
ASCs (IL-10) Tukey d =2.366
p=0.375
CTR vs ASCs Games-Howell d=1551
CTR vs ASCs (LPS + p =0.401
IFN-) Games-Howell d=1507
CTR vs ASCs (IL-10) Games-Howell (Fj) z gg;i
Junction Density s ASCs (LPS + Sorestomell b =0.808
IFN-y) ames-niowe d =0.794
p =0.002
ASCs vs ASCs (IL-10) Games-Howell d=5768
ASCs (LPS + IFN-y) vs p=0.391
ASCs (IL-10) Games-Howell d=1641
p=0.011
CTR vs ASCs Tukey d = 3.958
CTR vs ASCs (LPS + Tuke p=0.019
Average Vessel Length [FN-y) y d=2.646
(mm) p=0.024
CTR vs ASCs (IL-10) Tukey 4= 2839
ASCs vs ASCs (LPS + Tuke p=1.000
IFN-y) HKEY d=0.074




p=0.992

ASCs vs ASCs (IL-10) Tukey d = 0.256
ASCs (LPS + IFN-y) vs p=0.998
ASCs (IL-10) Tukey d=0.119
p=0.410
CTR vs ASCs Tukey i = 1606
CTR vs ASCs (LPS + Tuke p=0.389
IFN-y) y d=1.322
CTR vs ASCs (IL-10) Tukey P =000
End Points d=4.694
ASCs vs ASCs (LPS + Tuke p=0.998
IFN-y) y d=0.105
p=0.061
ASCs vs ASCs (IL-10) Tukey 42344
ASCs (LPS + IFN-y) vs p=0.102
ASCs (IL-10) Tukey d=1752
Table 7A: Statistical analysis of neurite outgrowth on indirect co-culture.
Parameter Groups Mean + SD Statistical significance
CTR 83733.77 + 82261.85
156627.25 +
ASCs _
Neurite Occupied Area 102552.09 F(3,57) = 1.885
() ASCs (LPS +IFNy) 1761%6.24 + e
v 129893.54 n°=0.090
134179.85 +
ASC (IL-10) 138136.77
CTR 730.00 + 502.33
Longest Neurite ASCs 857.81 + 349.13 F (35 5=7())=7 %369

(um) ASCs (LPS +IFNy) 747.06 + 386.18 n:=0.019

ASC (IL-10)

726.92 + 355.24
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Table 8A: Statistical analysis of the arborization pattern of neurite outgrowth on indirect co-culture.

Distance (um) Groups Mean + SD Statistical significance
Ctr 12.47 + 13.64
ASCs 25.06 + 11.602 F (3, 57)=2.293
0 p=0.088
ASCs (LPS +IFN-y) 26.65 +22.72 n?=0.108
ASC (IL-10) 20.54 + 15.20
Ctr 22.20+20.71
ASCs 36.00 + 17.37 F(3,57) =1.400
100 p=0.252
ASCs (LPS +IFNy) 32.59 + 21.15 1= 0.069
ASC (IL-10) 26.31 £ 22.96
Ctr 18.33 + 18.09
ASCs 32.25 + 22.57 F(3,57)=1.795
200 p=0.158
ASCs (LPS +IFNy) 33.76 + 23.84 n°= 0.086
ASC (IL-10) 22.46 + 22.98
Ctr 12.27 + 12.98
ASCs 25.50 + 20.35 F(3,57)=1.810
300 p=0.156
ASCs (LPS +IFNy) 27.35 + 19.47 n°= 0.087
ASC (IL-10) 21.62 + 24.97
Ctr 9.40 + 10.80
ASCs 17.75 + 17.23 F(3,57) =1.038
400 p=0.383
ASCs (LPS +IFNy) 18.29 + 15.36 1= 0.052
ASC (IL-10) 16.69 + 19.56
Ctr 6.47 + 8.18
ASCs 12.69 + 13.43 F(3,57)=1.220
500 p=0.311
ASCs (LPS +IFNy) 13.65+ 14.76 1= 0.060
ASC (IL-10) 8.00 + 12.07
Ctr 2.87 + 3.85
F (3, 57)=1.632
600 ASCs 8.00 + 12.07 p=0.192
2= 0.079
ASCs (LPS +IFNy) 7.12 +8.13
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ASC (IL-10) 3.15+4.79
Ctr 3.00+5.13
ASCs 4.00 + 6.63 F(3,57)=0.573
700 p=0.635
ASCs (LPS +IFNy) 5.82 + 12.95 1= 0.029
ASC (IL-10) 2.15+2.85
Ctr 1.07+1.79
ASCs 2.19 + 3.54 F(3,57)=0.872
800 p=0.461
ASCs (LPS +IFNy) 2.59 + 4.69 1= 0.044
ASC (IL-10) 1.08 + 1.32
Ctr 1.20 + 1.98
ASCs 1.25 + 3.04 F(3,57)=0.623
900 p = 0.603
ASCs (LPS +IFNy) 2.24 + 4.86 2= 0.032
ASC (IL-10) 0.69 + 1.25
Ctr 0.93+ 1.67
ASCs 1.13+2.83 F(3,57)=0.306
1000 p=0.821
ASCs (LPS +IFNy) 1.35 + 3.64 1= 0.016
ASC (IL-10) 0.46 +0.13
Ctr 0.67 +1.18
ASCs 0.37 + 0.89 F(3,57) =0.340
1100 p=0.79
ASCs (LPS +IFNy) 0.76 + 2.33 1= 0.018
ASC (IL-10) 0.31+0.75
Ctr 0.47 +1.13
ASCs 0.37 + 0.89 F(3,57) =0.406
1200 p=0.749
ASCs (LPS +IFNy) 0.47 + 151 1°=0.021
ASC (IL-10) 0.08 + 0.277
Ctr 0.08 + 0.99
ASCs 0.37 + 0.89 F(3,57) =0.436
1300 p=0728
ASCs (LPS +IFNy) 0.29+1.21 2= 0.022
ASC (IL-10) 0.08 + 0.277
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Ctr 0.40 + 1.12
ASCs 0.13+0.34 F (3, 57) = 0.302
1400 p=0.824
ASCs (LPS +IFNy) 0.29 + 1.21 1= 0.016
ASC (IL-10) 0.15 + 0.56
Ctr 0.13 + 0.52
ASCs 0.00 + 0.00 F(3,57)=0.723
1500 p = 0.542
ASCs (LPS +IFNy) 0.06 + 0.243 1:=0.037
ASC (IL-10) 0.00 + 0.00
Ctr 0.07 + 0.26
ASCs 0.00 + 0.00 F(3,57)=1.023
1600 p=0.389
ASCs (LPS +IFNy) 0.00 + 0.00 1= 0.051
ASC (IL-10) 0.00 + 0.00

Table 9A: Statistical analysis of neurite outgrowth on cultures with secretome.

Parameter Groups Mean + SD Statistical significance
ASC 51109.39 + 39210.73
Neurite Occupied Area S - F2,21)=0877
P ASCs (LPS +IFNy) 41892.52 + 32157.74 p=0.431
(bm?) n2=0.077
ASC (IL-10) 29097.66 + 22907.44 '
ASCs 625.00 + 238.75
L  Neurit F(2,21)=0.889
O”ge(s )e“” © ASCs (LPS +IFNy) 552.50 + 314.786 p = 0.426
Hm = 0.078

ASC (IL-10)

443.75 + 177.155

97



Table 10A: Statistical analysis of the arborization pattern of neurite outgrowth on cultures with secretome.

Distance (um) Groups Mean + SD Statistical significance
ASCs 26.00 + 42.33
F(2,21)=0.903
0 ASCs (LPS +IFN-y) 10.30 + 10.56 p=0.421
n2=0.079
ASC (IL-10) 13.63 + 13.07
ASCs 15.67 + 10.63
F(2,21)=2.679
100 ASCs (LPS +IFN-y) 7.60 + 5.54 p=0.092
n2=0.203
ASC (IL-10) 7.88 +6.24
ASCs 10.50 + 7.50
F(2,21)=0.040
200 ASCs (LPS +IFN-y) 9.20 + 9.57 p=0.961
n2= 0.004
ASC (IL-10) 9.88 +9.33
ASCs 6.67 + 5.89
F(2,21)=0.354
300 ASCs (LPS +IFN-y) 6.10 + 5.99 p=0.706
n2=0.033
ASC (IL-10) 4.38 + 4.37
ASCs 5.50 +4.97
F(2,21)=1.199
400 ASCs (LPS +IFN-y) 4,00 +3.74 p=0.321
n2=0.102
ASC (IL-10) 2.38+2.62
ASCs 2.00+2.28
F(2,21)=1.734
500 ASCs (LPS +IFN-y) 3.00 + 3.68 p=0.201
n2=0.142
ASC (IL-10) 0.63+0.74
ASC 0.83+1.17
S : F (2, 21) = 0.909
600 ASCs (LPS +IFN-y) 1.50 + 2.84 p=0.418
nz=0.080
ASC (IL-10) 0.25+0.46
ASCs 0.50+1.23
F(2,21)=1.056
700 ASCs (LPS +IFN-y) 1.60 + 3.53 p=0.366
nz=0.091
ASC (IL-10) 0.00 + 0.00
ASCs 1.00 + 2.45
F(2,21)=0.549
800 ASCs (LPS +IFN-y) 1.00 + 2.83 p=0.586
nz=0.050
ASC (IL-10) 0.00 + 0.00
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ASCs 0.17 +0.41
F(2,21)=1.011
900 ASCs (LPS +IFN-y) 0.70+1.64 p =0.381
n2= 0.088
ASC (IL-10) 0.00 + 0.00
ASC 0.17+0.41
S : F (2 21)= 0941
1000 ASCs (LPS +IFN-y) 0.90+2.23 p =0.406
n2=0.082
ASC (IL-10) 0.00 + 0.00
Table 11A: Statistical analxsis of neurite ougrowth on direct co-cultures.
Parameter Groups Mean + SD Statistical significance
327453.33 +
ASCs
119758.36
Neurite Occupied Area 302429.99 + F(2,13.314) = 0.485
ASCs (LPS +IFNy) p=0.625
(um2) 261915.98
w?= 0.047
ASC (IL-10) 246550.50 +
180037.69
ASCs 1587.50 + 70.27

Longest Neurite
(Mm)

ASCs (LPS +IFNy)

1555.56 + 467.34

ASC (IL-10)

1465.63 + 685.95

F(2,10.395) =0.134
p=0.876
w?=0.081
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Table 12A: Statistical analysis of the arborization pattern of neurite outgrowth on direct co-cuftures.

Distance (um) Groups Mean + SD Statistical significance
ASCs 91.17 £ 63.50
F (2, 20) = 0.857
0 ASCs (LPS +IFN-y) 68.89 + 53.48 p=0.440
n2=0.079
ASC (IL-10) 53.00 + 46.73
ASCs 89.67 + 26.85
F (2, 20) = 0.493
100 ASCs (LPS +IFN-y) 75.67 + 53.23 p=0.618
n2=0.047
ASC (IL-10) 62.75 + 58.94
ASCs 88.17 + 37.72
F (2, 20) = 0.064
200 ASCs (LPS +IFN-y) 78.11 + 65.96 p=0.938
n2= 0.006
ASC (IL-10) 78.25 + 62.55
ASCs 73.50 + 30.97
F(2,20)=0.014
300 ASCs (LPS +IFN-y) 69.67 + 61.05 p =0.986
n2=0.001
ASC (IL-10) 69.13 + 54.41
ASCs 57.50 + 21.62
F(2,20)=0.165
400 ASCs (LPS +IFN-y) 59.56 + 55.42 p=0.849
n2=0.016
ASC (IL-10) 71.25+57.90
ASCs 49.50 + 22.94
F(2,20)=0.132
500 ASCs (LPS +IFN-y) 46.33 + 44.33 p=0.877
n2=0.013
ASC (IL-10) 56.13 + 43.20
ASCs 39.00 + 16.04
F(2,20)=0.124
600 ASCs (LPS +IFN-y) 37.78 + 39.16 p=0.884
n2=0.012
ASC (IL-10) 45.25 + 32.53
ASCs 27.83 +13.70
F (2, 20) = 0.261
700 ASCs (LPS +IFN-y) 28.89 + 31.28 p=0.773
n2=0.025
ASC (IL-10) 36.88 + 28.14
ASCs 23.17 + 14.13 F(2,20)=0.176
800 p=0.840
ASCs (LPS +IFN-y) 24.67 + 27.83 1= 0.017
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ASC (IL-10) 30.13 +24.35
ASCs 18.83 +10.94
F (2, 20) =0.016
900 ASCs (LPS +IFN-y) 18.78 + 24.50 p=0.984
n2=0.002
ASC (IL-10) 20.25 + 14.62
ASCs 14.17 +7.23
F (2, 20) = 0.026
1000 ASCs (LPS +IFN-y) 15.78 + 19.43 p=0.974
n2=0.003
ASC (IL-10) 15.75 £ 12.05
ASCs 7.50 + 4.85
F (2, 20) = 0.405
1100 ASCs (LPS +IFN-y) 12.89 + 15.97 p=0.673
n2=0.039
ASC (IL-10) 10.25 £ 8.07
ASCs 6.00 + 3.85
F (2, 20) = 0.299
1200 ASCs (LPS +IFN-y) 9.44 + 11.87 p=0.745
n2=0.029
ASC (IL-10) 8.50+6.12
ASCs 4.33 + 3.08
F(2,20)=0.384
1300 ASCs (LPS +IFN-y) 7.67 +11.87 p=0.686
n2=0.037
ASC (IL-10) 8.00 + 5.90
ASCs 3.33+1.97
F (2,20)=0.313
1400 ASCs (LPS +IFN-y) 5.78 + 8.54 p=0.734
n2=0.030
ASC (IL-10) 5.13+3.80
ASCs 1.67 + 0.82
F (2, 20) =0.578
1500 ASCs (LPS +IFN-y) 5.00 + 9.25 p=0.570
n2=0.055
ASC (IL-10) 1.13+1.46
ASCs 0.67 +0.82
F (2, 20) = 0.800
1600 ASCs (LPS +IFN-y) 2.33+3.97 p=0.463
n2=0.074
ASC (IL-10) 1.13+1.46
ASCs 0.17 £+ 0.41
F (2, 20) = 0.901
1700 ASCs (LPS +IFN-y) 1.89 + 3.79 p=0.422
n2=0.083
ASC (IL-10) 0.88+1.13
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ASCs 0.00 + 0.00
F (2, 20)=0.786
1800 ASCs (LPS +IFN-y) 0.78 £ 1.716 p=0.469
n2=0.073
ASC (IL-10) 0.75 + 1.165
ASCs 0.00 + 0.00
F (2, 20) = 0.791
1900 ASCs (LPS +IFN-y) 0.67 + 1.66 p = 0.467
n2=0.073
ASC (IL-10) 1.00 + 1.77
ASCs 0.00 + 0.00
F (2, 20) = 0.850
2000 ASCs (LPS +IFN-y) 0.56 +1.13 p=0.442
n2=0.078
ASC (IL-10) 0.87+1.73
ASCs 0.00 + 0.00
F (2, 20) = 0.881
2100 ASCs (LPS +IFN-y) 0.33+0.71 p=0.430
n2=0.081
ASC (IL-10) 0.13 +0.354
ASCs 0.00 + 0.00
F (2, 20)=0.761
2200 ASCs (LPS +IFN-y) 0.22 + 0.67 p=0.480
n2=0.071
ASC (IL-10) 0.00 + 0.00
ASCs 0.00 + 0.00
F (2, 20)=0.761
2300 ASCs (LPS +IFN-y) 0.22 + 0.67 p =480
n2=0.071
ASC (IL-10) 0.00 + 0.00
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Table 13A: Statistical analysis of gene expression relative fold values.

Gene Groups Mean + SD Statistical significance
ASCs 1.00 + 0.08
F (2, 4.287) = 8.097
VEGF ASCs (LPS +IFNy) 1.35+0.13 p=0.035
w?=0.612
ASC (IL-10) 1.47 + 0.42
ASC 1.00 + 0.11
S i F(2,7) =572
Angiogenin-1 ASCs (LPS +IFNy) 0.67 £ 0.09 p=0.034
n2= 0.620
ASC (IL-10) 1.00 + 0.18
ASCs 0.95 + 0.02
F(2,7)=10.020
NGF ASCs (LPS +IFNy) 0.82 + 0.05 p = 0.009
n2=0.747
ASC (IL-10) 1.02 + 0.08
ASCs 1.00 + 0.21
F(2,67)=2.47
BDNF ASCs (LPS +IFNy) 0.71 + 0.07 p=0.154
n:=0.414
ASC (IL-10) 0.74+0.21
ASCs 1.00 + 0.05
F(2,67)=13.542
IL-6 ASCs (LPS +IFNy) 1.03 +0.04 p = 0.004
n2=0.794
ASC (IL-10) 1.14+0.25
ASCs 1.00 + 0.03
F(2,7)=0.663
FGF-2 ASCs (LPS +IFNy) 1.34 + 0.07 p =0.545
n2=0.159
ASC (IL-10) 0.99+0.13
ASCs 1.00 +0.12
F(2,67)=1.99%
CXCL1 ASCs (LPS +IFNy) 1.18 +0.17 p =0.206
n2=0.363
ASC (IL-10) 0.95+0.17
ASCs 1.00 + 0.36
F (2, 7) =0.943
CXCcL2 ASCs (LPS +IFNy) 1.15+0.31 p=0.434
n2=0.212
ASC (IL-10) 0.87 +0.13
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Table 14A: Multiple comparisons on gene expression relative fold values.

Gene Groups Multiple comparisons  Statistical significance
ASCs vs ASCs (LPS + p=0.047
IFN) Games-Howell d = 3.250
p=0.217
VEGF ASCs vs ASCs (IL-10) Games-Howell d = 1.400
ASCs (LPS + IFN-y) vs p=0.877
ASCs (IL-10) Games Howell d = 0.330
ASCs vs ASCs (LPS + Tuke p =0.054
IFN-y) y d=3.412
. . p=0.999
Angiogenin-1 ASCs vs ASCs (IL-10) Tukey d=0.032
ASCs (LPS + IFN-y) vs p =0.044
ASCs (IL-10) Tukey d=2.144
ASCs vs ASCs (LPS + Tuke p=0.022
IFN-y) y d = 0.303
p=0.925
NGF ASCs vs ASCs (IL-10) Tukey d=0022
ASCs (LPS + IFN-y) vs p=0.010
ASCs (IL-10) Tukey d = 0.206
ASCs vs ASCs (LPS + Tuke p =0.008
IFN-y) y d=6.519
p =0.990
IL-6 ASCs vs ASCs (IL-10) Tukey d=0.09
ASCs (LPS + IFN-y) vs p=0.005
ASCs (IL-10) Tukey d=3.106
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